
Therefore, the absolute threshold can be a single value for all areas, and it is used

henceforth as the minimum vibratory frequency detectable when users employ a haptic vest

with this specific kind of motors. The final value must be superior to the average of the

results of the analysed areas (i.e. 69.1074 Hz - 0.229 g, SEM = 0.7165 ) to ensure the

perception of all vibratory stimuli.

In such a manner, the creation of haptic patterns must be similar regardless of the area

of the torso wherein the patterns are displayed. The most appropriate option is to ensure the

perception of whichever haptic sequence by setting up a minimum value somewhat superior

to the average and the upper limit of the IQR, for instance, 80 Hz - 0.25 g. If every haptic

pattern is composed of vibrations at higher intensities than the lower limit, it is guaranteed a

broad leeway (around 80 - 330 Hz / 0.25 - 1.297 g) to create perceivable patterns. Thereby,

the users can relate those patterns to events coming from the VE more readily.

Although it would be a good practice to compare results with similar researches, it is

somewhat involved to find previous studies aiming to determine the vibrotactile absolute

thresholds over the upper body. The most similar work reports an absence of differences

regarding the stimulated area over the abdomen [24], as it also occurs over other body regions

[45]. Moreover, other studies determine thresholds using other haptic variables such as the

force [43], or they focus on ascertaining the localisation or detection of intricate patterns

over the torso, denoting outstanding efficiency to detect them regardless the area of the

torso [250] [251].

4.4 Vibrotactile Differential Thresholds

Once the absolute threshold is determined, the next step is to ascertain the upper and

lower differential thresholds. The differential threshold is the minimum intensity change

of a vibrotactile stimulus so that users discriminate two successive vibrations as different

stimuli. The value depends theoretically on the reference frequency since the perception of

a stimulus of 100 Hz should not be equal than the perception of stimuli of 250 Hz. In such a

manner, the experiment determines the thresholds for three different reference frequencies,

further determining the evolution of differential thresholds according to the variation of the

reference frequency.

Upper and lower differential thresholds do not have to be necessarily equal. If the

reference frequency is 100 Hz, the upper threshold might be, for instance, 20 Hz, and users

would need a stimulus of 120 Hz to perceive it differently; whereas the lower threshold might

be 30 Hz ; thus users would need a stimulus of 70 Hz to perceive it.

The value of the absolute threshold is necessary to define this new experiment concisely.

Reference frequencies must be values above the absolute threshold in order to avoid lacks of

perception during the next experiments. Therefore, the lower reference frequency has to be
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above 80 Hz.

If results show a direct and linear relationship between the magnitude of the reference

frequency and the differential thresholds, the experiment concludes that vibrotactile stimuli

followWeber’s law. In that case, the reckoning of Weber fractions allows obtaining whichever

differential threshold without repeating the whole experiment. Additionally, Weber’s law

provides an equation to get the lower differential thresholds for any reference frequency in

any area of the torso (front or back).

Determining the differential threshold is the last step to complete the haptic map of

the torso for these ERM motors. Thereby, these thresholds are determined in the 16 areas

of the torso as well, completing the characterisation of perception, and creating a haptic

map consisting of the values of spatial acuity, absolute thresholds, and upper and lower

differential thresholds, which is helpful to dependably create haptic stimuli corresponding

to events stemming from any VE.

These results, together with the values of absolute thresholds, are critical for figuring

out whether the creation of haptic patterns can be equal for the entire vest. If results are

similar across the areas (as the case of absolute thresholds), both experiments reveal that the

perception is similar in the entire torso and, hence, it is feasible to develop haptic patterns

in a generalised manner. Otherwise, the creation has to be customised for every single area

(despite the similarity of absolute thresholds) since the perception is not entirely similar in

all areas of the torso.

These thresholds have been barely studied so far, but there are some references which

show the analysis of vibrotactile thresholds in diverse body areas [32] [252], as well as force

or thermal thresholds [43] [50] [51], but neglecting the entire torso. Due to that lack of

data, the creation of the haptic map requires the determination of vibrotactile differential

thresholds in the entire torso in order to develop haptic patterns under a sound theoretical

basis.

Materials

The vest and the cloth with the motors are the same that were used during the absolute

threshold experiment. There are three motors equally distributed, but the same motor is

used throughout the whole experiment to maintain the conditions unchanging.

The division of the vest is the same as well. The analysed areas must be similar in order

to create the vibrotactile haptic map accurately. Both the absolute and the differential

thresholds must refer to the same areas of the torso.

Experimental System

The experimental system is the same as well. It consists of the Arduino UNO to control the

motor’s operation using the Arduino IDE. The general control system is a Dell Precision 490
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Dual-Core Intel Xeon EM64t (using graphics card nVIDIA R○Quadro R○FX 4500, 512 MB)

running MATLAB to record the participants’ responses.

Participants

Participants were 61 volunteers: 29 males and 32 females ranging from 18 to 36 years old

(mean ± SD, 23.377 ± 4.807 years). Participants were unaware of the purpose of the study.

As in the two previous experiments, the age of participants must be within the range

comprised between 18 and 40 years old due to the influence of ageing on haptic perception

[238] [239] [240]. Before starting the experiment, participants were asked about diagnosed

neurological issues, medication, psychological problems or diseases which might affect haptic

perception [243] [244]. Participants who did not refer troubles were selected to take part in

the experiment.

All participants took part voluntarily in the experiments and provided informed written

consent. The Ethics Committee of Universidad Politécnica de Madrid approved the exper-

imental procedures, and the study complied with the Code of Ethics of the World Medical

Association (Declaration of Helsinki).

Procedure

As stated in Section 4.3, there are some shared features between both experiments. On

the one hand, the usage of an undershirt made of the same material to preserve the same

experimental conditions with every participant. White noise is presented to mask the sound

of vibration motors so that responses are based on the perception outright, but not on the

noise of vibrations. Finally, participants heard a pure tone of 800 Hz in order to point out

each presentation of stimuli, preventing them from distractions.

The first phase of the experiment is to ascertain the upper differential threshold in the

torso (front and back). The experiment about absolute thresholds shows that there are no

significant differences between the left and right areas of the body. Assuming the laterality

is not a crucial factor affecting vibrotactile thresholds, this experiment is conducted solely

over the eight right areas of the torso, but results are befitting for using in the symmetrical

left areas.

The experiment determines the upper differential threshold for three distinct reference

frequencies: 100, 175, and 225 Hz, which is enough to figure out if results follow Weber’s

law. If so, it is feasible to estimate any differential threshold for any reference frequency

within the vibration’s range of the motors.

The first reference frequency is a minimum value superior to the average absolute thresh-

old obtained in the previous experiment, attempting to be readily perceived by all users (100

> 69.1 Hz ); in this manner, all participants may detect the minimum reference frequency

without trouble. The third reference frequency (225 Hz ) is the highest value that not causes
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saturation of the threshold (if the reference is higher than 225 Hz, the threshold may be

limited by the maximum frequency that motors can display (330 Hz ), prompting the satu-

ration of the actuator). Lastly, the second reference frequency (175 Hz ) is an intermediate

value in order to polish the results and attain enough data to apply Weber’s law.

The total duration to determine all differential thresholds in eight areas was eight hours

per participant. As in the first experiment, it was tough to complete the whole experiment

without fatigue. Therefore, the followed procedure (i.e. several sessions to finalise the

experiment or a short session) employs the same duration for each session and the same

breaks to reduce fatigue and ensure the concentration. Furthermore, nor is it significant

that the same participant could not finish the utter experiment since the robustness of the

procedure ensures the validity of the obtained data, as the case of absolute thresholds.

The procedure consists of a vibration matching task wherein each trial contains two

temporal intervals with a vibratory stimulus within each of them. Both intervals have a

duration of 350 milliseconds (a time enough to reach the steady frequency on each trial)

with a temporal gap of 1 second between presentations. In each interval, one vibration was

presented. An interval contains a vibration at the reference frequency (namely, 100, 175,

or 225 Hz ), whereas the other interval contains the test vibration which changes on every

trial. Both vibrations are assigned randomly to the first or the second interval in each trial.

The task of participants is to indicate which interval contains the strongest vibration

(or vibration at a higher intensity) by pressing the number 1 (if the first vibration is the

strongest) or the number 2 (if the second vibration is the strongest) on a numeric keyboard.

The next trial starts exactly after pressing the corresponding key.

The frequency of the test vibration changes according to the same Bayesian adaptive

staircase of the absolute threshold experiment (i.e. the parameters used were guess rate =

0.01, lapse rate = 0.01, delta (𝛿) = 0.0123, and sigma (𝜎) = 0.8). Conversely, the reference

frequency remains fixed in each trial. The upper differential threshold is defined as the

minimum increment of intensity required to discriminate the reference (100, 175, or 225

Hz ), and the test vibration intensity (changing in each trial) with a success rate of 75%.

Regarding the perception of the stimuli, participants should perceive every stimulus

without exceptions in the course of the experiment since both the reference and the test

vibrations are fairly more intense than the absolute thresholds.

Even so, there is a possible hindrance which could generate random responses in some

trials provided that participants interpret both vibrations (the test and the reference) as

similar stimuli. This problem is mentioned to participants before beginning the experiment:

if they do not perceive a difference between stimuli, they have to press a random key (either

1 or 2) in order to resume the experiment. That arbitrary response does not affect the

convergence of the staircase, and the method can equally provide a viable outcome. Figure

4-14 shows a schematic of the whole procedure in a session to ascertain the differential

124



thresholds.

Three single measures of the thresholds are obtained for each participant and area. The

resulting threshold is the mean of those three measures. Hence, considering the eight areas of

the right side, 24 vibrotactile upper differential thresholds are estimated for each participant

and reference frequency which, in turn, implies a total of 72 estimations to complete the

experiment.

The objective of this experiment also includes the ascertainment of the lower differential

thresholds, even though all previous explanations focus on determining the upper ones.

However, it is not needed to conduct the experiment anew since the lower thresholds can be

estimated provided that results of upper thresholds follow Weber’s law, allowing the usage

of Weber’s equation to estimate lower thresholds for any reference frequency.

Statistical Analysis

Statistical analyses seek to ascertain whether there are significant differences in the measured

differential thresholds. Results uniquely show the likely differences in the right areas, but

the conclusions are suitable for the left areas due to the assumption of equality between the

perception in the right and left body. Thereby, if there are no significant differences, a single

differential threshold (the corresponding Weber fraction) can be used to create vibrotactile

patterns all over the vest.

The selected analysis is a One-Way ANOVA for independent measures (Welch’s ANOVA),

which determine the differences between the right areas for each reference frequency. If the

ANOVA test shows significance, it would be required a post-hoc Tukey test to determine

the differences between areas accurately.

Furthermore, Weber’s fractions are estimated using a linear least-squares fitting based

on the three obtained thresholds.

Results

Results reveal the upper differential thresholds for every reference frequency (100, 175, and

225 Hz ). Figure 4-16 shows the results as a function of the eight areas of the vest and the

reference frequency.

At first glance, the results show a clear tendency since the values increase with the growth

of reference frequency, verifying assert that differential thresholds are directly proportional

to the reference frequency.

Statistical analyses (One-Way ANOVA) show some significant differences when the ref-

erence frequency is 100 Hz (F = 4.078, p-value = 0.001 ). Therefore, the Tukey test deter-

mines the differences between particular areas (see Table 4.6), setting up some significant

differences between the Upper Right Front (URF) and the other five areas.
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Figure 4-16. Values of vibrotactile differential thresholds for the eight analysed
areas and three reference frequencies. Each marker represents the mean ±
Standard Error of Mean (SEM) of all participants in each area.

Conversely, the ANOVA test does not show significant differences with the two higher

reference frequencies, neither 175 Hz (F = 4.078, p-value = 0.154 ) nor 225 Hz (F = 4.078,

p-value = 0.733 ). Thereby, the results of the ANOVA test for 100 Hz must be carefully

examined in order to find out the likely causes of those meaningful values.

The linearity between the reference frequency and the differential thresholds is related to

Weber’s law, which provides a relation between both parameters, known as Weber constant

or Weber fraction (K = ΔF / F ).

Results allow for defining a Weber fraction for each area and reference frequency (i.e.

there are three distinct fractions per area) (see Figure 4-17). The three values afford to

adjust a straight line and set up a generalised Weber fraction for every area (see Figure

4-18). In this manner, the new fractions encompass the whole range of motor’s operation.

Table 4.7 shows the K-value and the coefficient of determination (R2) of all fittings.

Figure 4-19 also shows the K-value as a function of the analysed area. All values are

somewhat similar (they are within 0.17 and 0.19), even though Weber fraction correspondent

to the Lower Right Back (LRB) area is markedly deflected (the K-value is 0.231).

The Weber fraction is an indirect measurement of the sensitivity of a system as well.

The value is further obtained as the reciprocal of Weber fraction (S = 1 / K). Figure 4-20
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Table 4.6
Tukey t-test for analysing the differences between areas according to the

significant result of the One-Way ANOVA test for the first reference frequency

Comparison Difference SEM p-value

URT vs. MRT 7.128 1.938 0.01
URT vs. LRT 7.053 1.938 0.011
URT vs. URB 6.444 1.894 0.023
URT vs. MRB 8.186 1.894 0.001
URT vs. RL 7.193 1.938 0.009

Figure 4-17. Weber fractions (K) as a function of the reference frequency from
data presented in 4-16. Each plot shows the values for each one of the analysed
areas.

shows the sensitivity as a function of the analysed areas and, once more, the plot shows a

remarkable difference between the value of LRB area and the rest of sensitivity values.

Obtained K-values afford to get rough estimations of upper differential thresholds for any

reference frequency in the range of motors’ operation. To this end, Weber’s law provides

an equation to estimate whichever threshold (ΔF = K · F ), considering the K-value of a

specific area and a reference frequency.

The absence of significant generalised differences between areas allows for selecting a

general K-value to get the upper differential thresholds for any area of the vest. Furthermore,

vibrotactile differential thresholds are similar in the left areas owing to the lack of influence

of laterality on the perception. Selecting a value slightly superior to the general tendency

of results (e.g. K-value = 0.2 ) implies that differential thresholds are higher than those

obtained using the empirical K-values, ensuring the appropriate perception of all vibrotactile

127



Figure 4-18. General Weber fraction (K) for each analysed area. Each plot is
the result of the fitting of the three values presented in 4-17, and it shows the
K-value and the coefficient of determination (R2)

patterns.

Despite the experiment solely focus on the upper thresholds, the other initial objective

was to acquire the lower differential thresholds. Weber’s law and their fractions also afford

to set up those thresholds based on a K-value and a reference frequency, using the following

equation: (ΔF = (K · F) / (1 + K)). Figure 4-21 shows the estimation of the lower differ-

ential thresholds for the three reference frequencies stated before (100, 175, and 225 Hz ).

Notwithstanding, the usage of Weber’s law allows for attaining whichever lower differential

threshold within the intensity range of vibration motors.

Discussion

Results of the whole experiment show a proportional relationship between differential thresh-

olds and reference frequencies, agreeing with results of similar experiments about vibrotactile

perception [29] [43] [46]. Overall, if the reference frequency increases, the average value of

the corresponding differential threshold increases as well (see Figure 4-16). For instance, if

the reference frequency is 100 Hz, the user would need an increase of 10-15 Hz to discrimi-

nate a more intense stimulus, approximately. However, if the reference frequency is 225 Hz,

the user would need a change about 40-50 Hz to discriminate that more intense stimulus.

The statistical analysis (One-Way ANOVA) shows the absence of significant differences

between analysed areas when the reference frequency is either 175 or 225 Hz. Nevertheless,

the same analysis shows that the threshold of the Upper Right Front (URF) significantly

differs from the other five body areas when the reference frequency is 100 Hz (see Table
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Table 4.7
Weber fraction values (K) and coefficient of determination (R2) obtained after

fitting data in Figure 4-16

Comparison Weber Fraction (K =
ΔF / F)

Adjusted R2

Right Shoulder 0.176 0.856
Upper Right Torso 0.185 0.952
Upper Right Back 0.179 0.889
Medium Right Back 0.166 0.868
Medium Right Torso 0.186 0.865
Lower Right Torso 0.172 0.870
Lower Right Back 0.231 0.815
Right Lateral 0.189 0.861

Figure 4-19. K-values in all analysed areas.
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Figure 4-20. Values of the sensitivity in all analysed areas. The sensitivity is the
reciprocal of Weber fraction with the K-values in 4-19. The areas are ordered
from lowest (left) to highest (right) sensitivity.

4.6).

That specific difference is somewhat exceptional, and their causes are hardly inferable.

Hardware troubles were discarded since the staircases are generally correct and there are

no deviations. A lack of attention owing to stress or fatigue is neither the reason, and

users knew that they could stop the experiment at any moment if they were tired or not

comfortable. The fit of the vest over the skin is a likely cause because inappropriate fitting

could entail that motors are not fully attached to the skin of participants [27]; although

participants were exhorted to check the adjustment and pressure of motors before beginning

the experiment. Finally, the last option is related to motors pressing osseous or soft areas,

but this cannot be a reason because actuators were located avoiding bone tissue.

Beyond that rare difference, the proportional relationship indicates that differential

thresholds follow Weber’s law (i.e. there is a linear relationship between the stimulus and

the strength of the engendered sensation over the skin [253]). According to the law, it is

possible to estimate Weber fraction (K ) for every area, whose values oscillate between 0.17

and 0.19, even though there is a discrepant value (K = 0.231 ) that belongs to the LRB

area.

Figures 4-17 and 4-18 show the rough equality for all areas as well as the single dissimi-
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Figure 4-21. Values of upper (solid lines) and lower (dashed lines) differential
thresholds for all analysed areas using the K-values in Figure 4-19. The graph
shows the values for the three reference frequencies.

larity of the LRB area. In that case, the value of the second threshold (i.e. corresponding to

the second reference frequency) is clearly above the third threshold, leading to the disparity

of the resulting Weber fraction. Moreover, the sensitivity plot also shows a considerably

lower result as regards the rest of the values (see Figure 4-20).

Despite those different results, the statistical analysis does not show significant differ-

ences between that area and the rest of the torso. Therefore, these values only indicate that

thresholds might slightly differ under certain experimental conditions, even though those

differences are not conclusive. In such a manner, the areas of the torso covered by the hap-

tic vest have similar differential thresholds, and it is feasible to create haptic patterns for

the whole vest using the most conservative Weber fraction (the highest K-value) among the

previously reckoned.

Obtained Weber fractions allow for predicting the upper and lower differential thresholds

for any reference frequency. Figure 4-21 shows the differences between the experimental and

the predicted values employing Weber’s law. In the case of the first reference frequency

(100 Hz ), there is a clear difference since the predicted upper thresholds are around 15-20

Hz, whereas the results of the experiment were around 10-15 Hz. Even so, the predictions

for the two upper references (175 and 225 Hz ) are moderately closer to the experimental

results.

131



The cause of these substantial differences between estimated and empirical values with

the lowest reference frequency is related to the fitting curves, which are powerfully swayed

by the thresholds of high frequencies. Notwithstanding, estimations are thoroughly valid

for obtaining reference values with which to create haptic patterns that users perceive with

easiness.

Furthermore, Weber’s law also provides a method to estimate the lower differential

thresholds, as stated earlier. Thereby, the predictions follow the same pattern than the es-

timation of upper thresholds (see Figure 4-21). The predictions show a meaningful outcome

since the discrimination of low-intensity vibrations regarding a specific reference frequency

requires a smaller difference than the discrimination of high-intensity vibrations. For in-

stance, taking the reference at 225 Hz, the upper threshold is around 40 Hz, whereas the

lower threshold is around 35 Hz.

Therefore, selecting whatever K-value and a reference frequency, it is possible to deter-

mine the upper and lower frequencies that a standard user can discriminate according to

Weber’s law. For example, selecting K = 0.2 and F (reference) = 100 Hz, users can only

discriminate a vibration of 120 Hz (100 + 100 x 0.2 = 120 ) as a distinct upper stimulus

of a pattern (note that using the estimated K-value, users can discriminate both vibrations

the 75% of the time, according to the experimental procedure). However, they are not

able to discriminate a vibration at 110 Hz since they would notice it as a continuous and

identical stimulus. Likewise, using the same K-value and reference frequency, users would

discriminate a vibration of 83.3 Hz (100 - 0.2 x 100 / (1 + 0.2) = 83.3 ) as a distinct lower

stimulus.

In summary, results are quite similar among the analysed areas, and it is suitable for the

creation of haptic patterns using a single K-value independent on the vest’s area wherein

the stimuli are applied.

4.5 Discussion. Definitive Configuration of the Haptic Vest

Chapter 3 left some outstanding issues about the design of the vest to solve after conducting

all psychophysical experiments. Results allow for setting the ultimate distribution of actua-

tors in compliance with the values of spatial acuity (both vibrotactile and thermal) as well

as marking out the limits of perception (through the absolute and differential vibrotactile

thresholds) in order to create dependable haptic patterns.

All the experiments serve to define the psychophysical particularities of the upper body

(both the front torso and back). The objective is to establish a psychophysical basis for

creating haptic patterns using vibrotactile and thermal actuators. Owing to the low number

of participants, the observed statistical power of both experiments was calculated to prevent

detrimental effects. The number allows detecting minimum differences of 11.4 Hz in absolute
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thresholds with a power of 80 %, whereas the value is 5.5 Hz (for 100 Hz ) and 20 Hz (for

175 and 225 Hz ) in differential thresholds for the same power, endorsing the results and the

subsequent discussion.

Before bringing the final design forth, those outcomes demand an endorsement by analysing

the relationship between every parameter, such as the relationship between spatial acuity

and differential thresholds. Following crossed discussions seek to fully understand the rele-

vance of these parameters and the correlation between each one of them.

Lastly, dissecting the results affords to study all psychophysical parameters from the

perspective of the sense of touch. The analysis consists of examining how the mechanisms

of perception affect the attained parameters, bearing out if results are in line with the

expectations and the prior researches.

4.5.1 Psychophysical Parameters

The experiments about vibrotactile spatial acuity yield two different values in each area (a

value by vibration motor). Both actuators have unique operating and dimensional features;

however, statistical analyses do not show significant differences between them, although the

vibration intensity during both tests (which is the highest reachable intensity) is different

for every motor (330 and 380 Hz, respectively).

Resorting to the differential thresholds may explain the absence of significance. As

the difference between both maximum frequencies is 50 Hz, it could be feasible that users

perceive both stimuli evenly. If the differential threshold is below 50 Hz for a reference

frequency of 300 Hz, users may perceive the maximum vibration of both motors as similar

stimuli. In this manner, if the threshold was 60 Hz, users can solely notice a difference

between stimuli when a motor vibrates at 330 Hz, and the other motor vibrates at 390 Hz

or higher frequencies.

The upper differential threshold is 54.78 Hz (F x K = 330 x 0.166 = 54.78 ), taking as

a reference (F ) the frequency of the first motor (330 Hz ) and the lowest K-value among the

obtained (0.166 ). Hence, users would not be able to discern a vibration at a frequency below

384.78 Hz (330 + 54.78 = 384.78 ). Selecting the lowest K-value, the vibration motors with

these operating features always generate differential thresholds above than 50 Hz, reasserting

the absence of differences between both motors in the spatial acuity experiment.

That conclusion also sheds light on the weight of dimensional features of motors in the

psychophysical parameters. Vibration motors have distinct sizes, but it does not involve a

different perception of vibrotactile stimuli. Therefore, small differences as regards the size

are not significant, and the selection of actuators must mainly attend to operating features

(frequency, voltage, or amplitude) for this kind of haptic actuator.

On the other hand, even though the voltage-frequency curve follows a similar trend in

both motors, the same does not happen to the voltage-amplitude relation (see Figures 3-
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10 and 4-2). Despite the differences, the values of spatial acuity do not shift according to

distinct levels of amplitude. This fact evidences the frequency is the principal parameter to

take into consideration in order to determine the vibrotactile perception over the torso.

The differential thresholds can also be used to bear out the equality between the absolute

thresholds of all analysed areas. Figure 4-15 shows a remarkable difference among the

minimum and maximum absolute thresholds (specifically, among the URT and LRT areas)

of roughly 11 Hz. At first sight, the difference could seem readily detectable, although the

statistical analysis does not show significant outcomes. However, increasing the statistical

power, those stimuli could be significantly different.

Nevertheless, Weber’s law provides the equation to ascertain whether the difference

is detectable according to psychophysical results. The objective is to estimate the upper

differential threshold of the average value of the absolute threshold (i.e. 69.1074 Hz ), figuring

out the immediate higher vibrations that users could discriminate. The estimation uses the

lowest K-value because the result is the more conservative threshold, achieving sounder

conclusions. The lowest K-value is 0.166 (see Table 4.7) and the estimation is 11.62 Hz (ΔF

= 69.1074 x 0.166 = 11.62 Hz ).

The estimated value is higher than the difference between the maximum and the mini-

mum absolute thresholds (75.7229 - 64.5103 = 11.21 Hz ). Moreover, 11.62 Hz is a higher

value than 11.4 Hz which allow detecting differences with a power of 80 %. These outcomes

bolster the usage of the same absolute threshold for creating generalised vibrotactile pat-

terns for whichever area of the haptic vest. The differential thresholds are high enough to

guarantee that differences in the absolute thresholds do not entail variations in the percep-

tion.

Both previous discussions can be crossed-analysed as well. If results of the spatial acuity

and the absolute threshold experiments are endorsed, the conclusions of the differential

thresholds experiment (including the fractions and fittings provided by Weber’s law) are

tantamount, and all results are valid.

All psychophysical parameters (vibrotactile and thermal spatial acuity, vibrotactile ab-

solute thresholds, and vibrotactile differential thresholds) allow the creation of a map of

the haptic perception in the torso using ERM motors and Peltier cells. The map sets the

necessary parameters using vibrotactile and thermal actuators in order to accomplish no-

ticeable haptic patterns. Figures 4-22 and 4-23 show the results of the vibrotactile and

thermal psychophysical experiments in order to provide a general view of all values and

their corresponding areas (see Figures 4-3 and 4-12 to check the areas).

Results of absolute and differential thresholds are similar among areas, and thus it is

viable to create haptic patterns using permanent values of those thresholds. In this manner,

the resulting stimuli are perceived evenly over any area of the vest. On the one hand, the

absolute threshold (i.e. minimum intensity) must be over 69.1074 Hz - 0.229 g, thus a proper
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Figure 4-22. Results of vibrotactile (M1 and M2 in the upper areas) and thermal
spatial acuity (TA in the lower areas) in the analysed areas.

Figure 4-23. Results of vibrotactile Absolute Thresholds (ATh) in all areas, and
K-value (KVal) of Weber’s law of the differential thresholds in the right areas.
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value to ensure the perception is 80 Hz - 0.25 g.

On the other hand, the K-value characterises the differential thresholds. The best option

is to take a high value since the differences between consecutive frequencies is higher, ensuring

the perception of successive stimuli in all cases (e.g. an adequate K-value might be 0.2 ).

The experiments about vibrotactile spatial acuity and differential thresholds yield two

significant differences over the same area of the torso (URF). Those differences cannot be

explained on their own, but the result is neither generalisable since it does not appear in

all experiments. Therefore, the most likely reasons are those stated in Section 4.4, even

though the appearance in two different experiments could denote that the actual reason is

the osseous particularities, which lead to a defective attachment of vibration motors over

the skin.

A pattern composed of three successive vibrations must fulfil two requisites. On the

one hand, the three stimuli must vibrate with intensities above80 Hz - 0.25 g (the absolute

threshold). On the other hand, each successive stimuli must fulfil the differential threshold

calculated with Weber’s law (e.g. if the vibration is of 100 Hz - 0.303 g, the next one must

be of 120 Hz - 0.372 g or superior to ensure the perception of both stimuli).

Despite psychophysical parameters are crucial to create patterns, there are more mean-

ingful aspects to consider for accomplishing the best conveyance of information using haptic

stimuli. The directionality of vibrations in a haptic pattern may change the perception

(users may not perceive equally patterns with distinct directions). Moreover, the times be-

tween successive stimuli or the offset times may even change the values of spatial acuity or

vibrotactile thresholds [48] [254].

Analysis from a Physiological Standpoint

Results of every experiment are closely correlated to mechanisms of human perception, that

is, the presence and distribution of mechanoreceptors and thermoreceptors in the different

regions of the body.

There are plenty of studies regarding the mechanisms of haptic perception over different

areas of the body [16] [18], but there is a marked absence of information about the accurate

distribution of skin receptors over the torso. Even so, the Pacinian corpuscles are primarily

involved in perceiving vibrotactile patterns displayed with the haptic vest. They are Fast

Adapting (FA) receptors, and are capable of detecting vibratory stimuli within a range

roughly comprised between 40 and 500 Hz (i.e. a range which includes all frequencies that

vibration motors can reach). Moreover, those corpuscles are spread widely over the torso,

which would explain the resemblance of thresholds between areas [15] [252].

There are other FA receptors which could be affected by vibrotactile stimuli but with

weaker influence. Hair receptors in the torso perceive vibrations as well, but their distribu-

tion is not uniform since hinges on the region or the gender, besides they only activate with
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low-frequency vibrations (20-50 Hz ), and at higher amplitudes than the capability of the

employed ERM motor. Meissner corpuscles are only able to detect low-frequency contacts

(3-100 Hz ), but they are not in the hairy skin of the torso [255].

Conversely, Slow Adapting (SA) receptors have a low influence on the perception of

vibrotactile stimuli. Ruffini cylinders do not affect whatsoever in this case since they are

located only on the glabrous skin (palms or the soles) and they solely trigger due to a

sustained pressure [15] [16] [256]. Merkel discs are only activated with low frequencies (5-15

Hz) that this ERM cannot generate during long times [257].

Rise and drop times of ERM motors may affect the perception of vibrotactile stimuli,

but vibrations only activate Pacinian corpuscles during those times. All SA receptors are

too slow to respond during those times (around 30-80 ms in Figure 3-5), although vibrations

could momentarily trigger hair receptors. However, transitory frequencies are similar in each

vibration, and all obtained thresholds do not hinge on the initial low-intensity vibrations.

Moreover, the employed procedures are adaptive and, if users detected low intensities, the

staircases would converge at low frequencies, even reaching the minimum vibratory intensity

of the ERM motor. Changing the motor could imply differences in the perception mecha-

nisms, thresholds might differ, and it would be needed verifying if the perception is similar

before applying these thresholds.

Results of spatial acuity cannot be compared with similar studies over other body areas

since there are no conclusive results about the distribution of receptors and, therefore, there

are no models to set up proper comparisons. Moreover, the experiments over hands or

arms do not usually yield the values expressed in terms of distances. They often focus on

ascertaining the accuracy of perception with actuators at fixed distances, even though those

methods are equally valid to ascertain the spatial acuity [25].

Furthermore, the thermal spatial acuity has been scarcely studied; thus, the comparison

between the attained results and prior studies is practically unfeasible. Notwithstanding,

extant studies over the hands and fingers have revealed users have troubles to discern two

different stimuli in most of the cases (i.e. they perceive both stimuli as a single one) [40].

Furthermore, the thermoreceptors are spread barely over the torso in contrast with the

hands or arms [15], which might explain the vast distances (around 15 cm) to discriminate

two adjoining thermal stimuli.

Both thresholds (absolute and differential) and the spatial acuity values have been ob-

tained using the same ERM motor (model 304-116, Precision Microdrives Ltd.). However,

there are plenty of vibrotactile systems, and every device uses an actuator with markedly

different features (e.g. coin motors or LRAs). In such a manner, it is necessary to review

the divergences of operating and dimensional parameters before applying the results of the

three experiments. For instance, meaningful changes in amplitude or frequency can lead to

differences in the perception of vibrotactile stimuli.
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The usage of these results would be only suitable whether the new actuators have features

akin to those of motors used to develop this haptic vest. Otherwise, it would be required to

repeat the same experiments in order to ascertain the similarities between actuators (i.e. the

calibration and psychophysical studies) and, thence, if these results can be applied in that

new development. Furthermore, other limitations are related to the pressures that motors

can exert over the skin, differing the contact area [27], and prompting variations in the

perception [30], or the operating principle of vibration motors, which might trigger different

responses to the perception of tactile stimuli.

Nevertheless, results of thermal spatial acuity do not change, providing that the dimen-

sions of Peltier cells are alike. Thermal stimuli singly hinge on the temperature, which does

not depend on the specific actuator. Therefore, the psychophysical thermal values remain

constant in order to develop whichever haptic device for any area of the torso.

There are likely troubles if the sizes of Peltier cells are hugely dissimilar (in the order

of several centimetres) since the spread of temperature through the body could change,

also implying a change in the values of thermal spatial acuity. Even so, the size cannot

change since there is limited space in the vest to place larger actuators because they have

to be interspersed between vibrotactile and impact actuators. Contrarily, smaller actuators

require more quantity to cover the entire vest, as well as an extensive driver system to control

all Peltier cells. The selected size allows reaching a commitment between the available space

for thermal actuators and the size of the required driver systems.

4.5.2 Definitive Configuration of the Haptic Vest

Chapter 3 left the final distribution pending in order to place the actuators in the haptic

vest properly and, consequently, the number of actuators to handle by every vest’s module.

That decision primarily depends on the values of vibrotactile and thermal spatial acuity.

Results of vibrotactile spatial acuity indicate a distance between 40 and 60 millimetres

to discriminate two vibrations as two different stimuli. The best option is to take the more

unfavourable value (i.e. 60 mm) to ensure accurate perception over every area of the torso.

The haptic vest would then include 72 motors and, as there are eight driver modules, every

driver system controls nine motors. Smaller distances (e.g. 40 mm) might jeopardise the

perception because the distance is below than the spatial acuity and the driver system would

become bulkier and hardy to handle since it should coordinate a larger quantity of actuators.

Thereby, the triangular mesh consists of nine nodes, and each one contains a vibration

motor housed in a 3D frame. However, the textile design compels to reduce the original

dimensions of the mesh (60 mm) to avoid Velcro strips and the zip, averting misperceptions

during the operation of the vest. The reduction leads not to respect the absolute threshold,

even though it is minimal not to worsen the perception to a great extent. In such a manner,

the length of each side is 58 mm (see Figure 4-24).
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Figure 4-24. Final distances between two adjacent Peltier cells (18 cm), and
between two adjacent vibration motors in the triangular mesh (58 mm).

Regarding thermal spatial acuity, results are similar in all analysed areas (12.5 - 15 cm).

Therefore, a coherent solution is to use the higher value to distribute Peltier cells in the

entire vest, ensuring the appropriate perception in all cases. Since the selected distance

is quite large, the distribution of vibrotactile actuators and driver modules are conducted

respecting that value.

The driver module contains the cell in the middle, and, thus, there are eight modules to

manage eight Peltier cells. Those modules are vertically separated 15 centimetres, whereas

the horizontal distance between them is 25 centimetres. The vertical clearance is similar to

the selected distance to place Peltier cells, but the horizontal clearance would allow placing

extra cells. However, the distribution also considers the textile design and the location of

the spine, where the perception is not uniform and, hence, some areas must remain empty.

Figure 4-24 depicts the clearance between two Peltier cells vertically separated.

There are no experiments to ascertain psychophysical parameters of the impact feedback

since the necessary strength of the stimuli was determined by a ’trial and error’ test during

the design of the actuator. That strength complies with the mechanical pain thresholds to

prevent unease stimuli over users. In this manner, the driver module has been designed to

handle only an actuator owing to the large dimensions and, thus, the location depends on

the empty spaces after distributing vibrotactile and thermal actuators.

There must be a priority order to distribute actuators since vibrotactile and thermal

systems provide more accurate information to users than impact stimuli. Impact systems

must be placed over empty spaces but considering its bulkiness since they can hinder the

easy movements of users. Hence, two actuators are placed over the upper torso since the

stimuli are seemingly more readily perceived in those areas. The future upgrades of the vest

could include up to eight actuators (one per driver module), but these two are enough to
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assess the proper operation of the vest as well as the contribution of the impact system to

the vest’s performance.

4.5.3 Design of Haptic Patterns

Absolute and differential vibrotactile thresholds are the essential parameters to develop and

create haptic patterns. Nonetheless, the design of patterns is exclusive for this particular

vest or similar devices (same vibrotactile actuators and similar distribution), even though

the spatial acuity and the ensuing distribution may be helpful to ascertain those actuators

which must operate at every phase of a haptic pattern.

The haptic map shows that the absolute threshold is constant for every area of the

torso (front and back). Whichever vibrotactile pattern must contain stimuli at intensities

higher than the average value of the 16 absolute thresholds obtained in the experiment (one

threshold per area), that is 69.1074 Hz - 0.229 g. Nevertheless, a good option is to take as

a reference a value slightly superior to that average to ensure the proper perception of every

stimulus of the sequence. The selected value is 80 Hz - 0.25 g to ensure a broad leeway so

as to create haptic patterns easily perceivable by all users.

These results mainly serve to establish a guideline for creating haptic patterns with a

vest that includes ERM motors distributed over the tested areas. However, there are other

phenomena which may affect the perception apart from the spatial acuity and both thresh-

olds. There are aspects directly related to the creation of patterns, such as the directionality

of vibrations or the spans between successive stimuli, which may enhance the conveyance of

information [258] [259]. Furthermore, the orientation of motors (vertical or horizontal) may

also be relevant, and it would be suitable to conduct additional research to ascertain how

to use those aspects for improving the creation of dependable haptic patterns.

Likewise, results can be strengthened by considering other psychophysical phenomena

such as the spatial summation or user’s adaption. In the first case, proper distribution of

motors according to spatial acuity should minimise or remove the sway of spatial summation

[29] [260]. In the second case, users can undergo either adaption or masking [261] [262],

which dynamically change the thresholds; thus the patterns can be adjusted by continuously

altering the sequence or using offset times to prevent effects which change the perception

continuously [48] [254].

Even so, these results vastly simplify subsequent studies. They show the uniformity

of vibrotactile perception in the entire torso, and any experiment could be performed over

some representative areas, either to ascertain psychophysical values with other actuators or

to boost the results with these ERM motors. Using other motors would require a partial

repetition of the experiments in order to verify if that absence remains when employing

distinct vibrotactile actuators. If so, the usage of a single absolute threshold or K-value

would also be adequate to create haptic patterns with those actuators.
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The creation of thermal patterns is somewhat more manageable since it mostly depends

on the location of the Peltier cells, either the intention is to create a hot or a cold sensation.

The objective is to know the appropriate actuator to activate in each case, creating either

warm or cold sensations. However, the absolute and differential thresholds have substantial

sway in the thermal sensations rendered using the haptic vest.

The absolute thresholds (both upper and lower) are completely delimited by the pain

limits, as stated in Chapter 2, Subsection 2.1.2. Hence, the range of displayable tempera-

tures is comprised between 15 and 45 oC. Even so, a thermal stimulus is negligible if the

temperature is around the ordinary body temperature (33 - 37 oC ) since users would not

perceive any change. Therefore, the haptic vest must avoid rendering those temperatures

during the development of thermal patterns, preventing any misperception during typical

operation and ensuring the accurate perception.

Lastly, the development of thermal patterns must also consider the differential thresholds

in order to create sequences that users can discriminate. Unlike vibrotactile thresholds,

the creation of thermal patterns takes values from previous researches so that users can

differentiate all successive stimuli with easiness. However, those thresholds are not vital so

that users perceive thermal patterns through the haptic vest. Most of the patterns employ

swift changes and, in those cases, thresholds are around 0.1-0.5 oC/s. Moreover, slower

changes have higher thresholds (2-3 oC ), but users do not need to discriminate between

several thermal stimuli since those patterns seek to prompt a continuous thermal sensation

[29] [49].
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Chapter 5

Validation of the Haptic Vest and

Preliminary Evaluation of a

Multimodal Virtual Reality System

Previous chapters reported the whole design of the vest, and the more significant partic-

ularities to configure the haptic actuators. The result is a tight-fitting haptic vest with

three kinds of feedback (vibrotactile, thermal, and impact), whose actuators are distributed

according to psychophysical parameters. This haptic vest originally gears towards its usage

alongside VR environments, and more specifically serious games, attempting to enhance

the performance of the system, the realism of the VE, and the sense of presence and the

immersion of users while they interact with the virtual scenario.

The final design of the vest must be validated to verify its suitability. Moreover, some

experiments are necessary to prove whether the vest fulfils the primary objectives, and it is

helpful to improve VR systems. This chapter states the two first experiments:

1. The validation of the haptic vest to determine if the vest and the haptic actuators are

adequate to dependable render vibrotactile, thermal, and impact feedback.

2. A first subjective evaluation of the haptic vest and an analysis of the influence of user’s

skills. There are two main objectives in this experiment:

∙ To achieve a good integration of the haptic vest into a VR system, getting a

multimodal system composed of visual, auditory, and haptic feedback.

∙ To ascertain whether users’ skills are significant to perceive stimuli coming from

a conventional VR system.

The validation reveals whether users perceive vibrotactile, thermal, and impact patterns

accurately. The procedure consists of rendering simple patterns over the eight areas of the
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body, and users must detail their features to figure out if they perceive those patterns rightly.

If results report troubles, the integration into the VR system would not be appropriate, and

the next experiments would not be conclusive whatsoever. In this manner, the validation

may provide actions to take so as to enhance the performance of the vest and the integration

into whichever VR system. Otherwise, favourable results would report that the haptic vest

is ready for using in VEs.

Some of the features of VEs that a haptic vest can foster are the realism, the immersion

and the sense of presence. These features have been broadly discussed in Chapter 2, Sub-

section 2.5.1, but its relationship with haptic devices must be restated to suit the context

of the ensuing evaluation experiments.

The realism is related to technical aspects of the VR system, in which both the visual

and auditory feedback have a significant role. The addition of a haptic device might involve

an enhancement of technical capabilities since the system is capable of stimulating the sense

of touch. Thereby, reliable haptic stimuli may increase the resemblance of virtual scenarios

to real situations.

The immersion is the psychological perspective about the realism of the VE (i.e. it is a

subjective feature) [165]. If the realism of a system improves, there is a higher likelihood of

enhancing the immersion. Haptic stimuli of high quality might aid to improve realism since

the scenario is more akin to a real situation, which would also turn out in improving the

immersion as an outcome.

The sense of presence is closely related to the two previous concepts (both the realism

and the immersion). However, the most significant factors affecting this sense are subjective,

such as the capability of interacting with virtual avatars or the concurrent perception of

visual, auditory, and haptic feedback. Although those factors depend on each user and the

sense of presence is subjective, it could also be swayed by the technical capabilities of the

system (i.e. the realism). In this manner, if the vest renders realistic haptic stimuli, the

perception of the scenario and, consequently, the sense of presence may enhance.

Therefore, the immersion and the sense of presence are subjective factors noticed by users

in virtual scenarios. They depend on the feelings, perceptions or thoughts and, in such a

manner, they are wholly different in every user. Those subjective evaluations, together with

the assessment of realism, provide a full overview of the general perception of VR systems,

haptic devices, and the joint influence on those three factors.

Questionnaires are the most common method to evaluate subjective factors. They consist

of several questions about the experience to assess the influence of the vest and the virtual

experience regarding immersion and sense of presence. Results report what users perceive,

and the helpfulness of the haptic vest to improve conventional VR systems. Nevertheless,

these subjective evaluations can be biased both for and against due to countless causes

such as emotional engagement, or enjoyment or annoyance by using this technology, among
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others. Responses, hence, require a thorough analysis to seek the skews and reduce their

influence in the conclusions.

It is necessary an iterative experimental process in order to attain the definitive version

of the vest, although both the AB and the MB version contain the same actuation systems.

Experiment 2 employs the AB version, reporting their advantages and drawbacks, and the

necessary enhancements to improve the performance of both vests. Those actions mainly

focus on improving the three stated concepts: the realism of the system, and the sense of

presence and the immersion in the virtual scenario.

Experiment 1 employs a stressful and threatening virtual scenario to foster the feelings,

perceptions and thoughts, easing the assessment of the VR system and the haptic vest.

This experiment also seeks likely differences between groups of users according to their

previous expertise by employing haptic devices or VR systems. The apprehended skills may

influence the perception, and haptic, visual or auditory stimuli might affect users differently.

If results endorse those differences, the haptic vest demands distinct configurations hinging

on the target public since users need unique requirements to reach the same levels of realism

and subjective perception.

Users fill out a questionnaire after completing the experimental procedure to verify the

influence of previous skills, and the levels of immersion or sense of presence that they reach

during the virtual experience. Therefore, other than classifying users according to their

skills, responses are a preliminary result about the usefulness of the haptic vest to enhance

the capabilities of VR systems.

Finally, this experiment reveals the outstanding troubles to resolve in the future versions

of the vest. In this manner, the two final experiments verify if the identified enhancements

are beneficial to improve the performance of the vest and the VR system, as well as the

virtual experience perceived by users.

5.1 Experiment 1: Validation of the Haptic Vest

All actuation systems are defined according to psychophysical parameters, distributing the

actuators over the vest and setting foundations to generate optimal haptic patterns. This

first experiment validates the haptic vest, and it proves whether the system fulfils the initial

objectives concerning the performance of haptic actuation systems. Results lay bare the

required adjustments to accomplish the best integration of the vest into a VR system.

The process of validation only requires the usage of the haptic vest. Results reveal if

the vest is suitable for its integration into complex VR systems, checking if all actuation

and driver systems operate rightly. The procedure consists of rendering basic haptic pat-

terns (vibrotactile, thermal, and impact) to verify the optimal design of the vest and the

configuration of all systems.
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In the experiment, participants wear the vest, and it renders haptic patterns. They then

provide information about those patterns, and responses prove if the haptic vest renders

those stimuli appropriately, as well as if participants receive the information that the vest

intend to convey. If the validation does not yield good results, some adjustments are nec-

essary to ensure the optimal operation of the haptic vest. Those changes may be chiefly

related to the configuration of the actuation systems, the driver systems or the distribution

of actuators.

Most of the events in VR environments are related to contacts between the controlled

virtual avatar and elements in the scenario. Vibrotactile feedback is the most appropriate

method to simulate those events; thus, the haptic vest contains a large number of vibration

motors. Vibrotactile patterns have a large variability since there are plenty of options to

configure the stimuli by varying aspects such as the shape of patterns, or the vibratory inten-

sities. The validation affords to establish if participants can properly recognise patterns, the

particular parameters and the meanings with the selected configuration of the vibrotactile

system.

The assessment of thermal and impact patterns is easy. On the one hand, thermal

patterns can only display heat or cold stimuli with a minimal scope in order not to exceed

the non-painful range of thermal stimuli (between 15 and 45 oC, approximately [16]). On

the other hand, impact stimuli have not mouldable strength, and participants only have to

indicate whether or not they perceive the stimuli (the responses are always binary).

In summary, the validation states if the haptic vest is ready to integrate into any VR

system. If the results are adequate, and despite the primary objective is to use the vest as a

tool for VR environments, the vest might serve for any HMI system wherein a similar device

can deliver meaningful information.

5.1.1 Materials

The vest for the validation experiment uses the MB version. This version contains all kinds

of feedback (vibration, thermal, and impact), and it operates without external connections

since it uses batteries to power all integrated systems (either actuation or driver systems)

into the vest.

The vest contains 72 vibration motors, eight Peltier cells, and two impact actuators.

The distribution of vibrotactile and thermal actuators is homogeneous in the entire vest,

whereas both impact actuators are only over the upper front torso. The vest is divided

into eight areas to ease the handling of actuators, and each one contains eight vibration

motors and a Peltier cell. Both areas of the upper front torso further contain an impact

actuator. An individual driver system manages each area, and they receive instructions

from the general driver system through a wireless connection consisting of two phases: in

the first phase, the overall control system sends information until an intermediate stage via
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Bluetooth connection and, in the second phase, that stage allocates the tasks to the specific

areas in the vest via a MiWi connection.

The haptic vest must remain in permanent contact with the users’ body so that they can

optimally perceive all stimuli. To this end, there are two vests of different sizes (L and M),

but both of them are adjustable employing Velcro strips in the shoulders and the laterals.

The vest is made of neoprene since it is a stretchable material, which eases the best fitting

for whichever body size and shape.

The experimental conditions must remain similar for all participants. They have to wear

a slim undershirt between the vest and the body. Otherwise, it increases the likelihood of

skewed results if every participant wears different clothes.

5.1.2 Haptic Patterns

The experiment attempts to ascertain if the haptic vest is capable of displaying haptic

patterns so that participants receive the information accurately. Those stimuli may be

vibrotactile, thermal or impact feedback.

Vibrotactile Patterns

Most of the actuators into the haptic vest are vibration motors. Hence, vibrotactile feedback

has more versatility to convey information employing haptic patterns. During the valida-

tion, the haptic vest displays several vibrotactile patterns to ascertain whether the selected

configuration of these actuators is the most appropriate so that users perceive and discrim-

inate between distinct patterns. These patterns have several degrees of complexity, in such

a manner, the results of the experiment are helpful to determine the optimal configuration

so that users work out the information that stimuli aim to convey.

As previously addressed, the vest contains 72 vibration motors, and they are divided into

eight different areas (nine motors per area). All vibrotactile patterns are limited to a single

area during the validation. A pattern can only make use of nine motors, even though it is

enough to create complex stimuli by modifying several parameters. Restraining patterns to

single areas affords to find out if participants discern correctly similar patterns in different

areas or, contrarily, the perception differs hinging on the area of the torso.

The tailoring of the vest is essential so that it fits in whichever body shape. Particularities

of that tailoring imply that vibration motors cannot be distributed equally in the upper

and lower areas of the vest. Notwithstanding, the distribution always follows triangular

shapes forming a mesh, and motors are placed in the vertex of each triangle. The mesh

slightly differs between upper and lower areas (images (a) and (d) in Figure 5-1); thus,

the development of vibrotactile patterns must consider the dissimilarity to create similar

patterns for both areas.
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Figure 5-1. Four patterns with constant intensities and variable number of
vibrations. Same colours indicate equal intensities. (a) and (b) depicts linear
patterns, and (c) and (d) depicts angular patterns.

Vibrotactile patterns in this experiment differ according to five parameters: the Number

of Vibrations (NoV), the Shape of Patterns (SoP), the Variations of Intensity (ViI) in each

pattern, the Duration of each Stimulus (DoS), and the Appearance Area (AA). The vest

renders the patterns, and participants fill out a questionnaire by stating the particularities

of each pattern and their parameters.

Participants must indicate the number of vibrations (NoV) that they perceived in each

pattern. Responses reveal if the perception of vibrotactile patterns differs according to their

length and if there is an optimal NoV which users notice more accurately. The number

differs between 2 and 7 (2S, 3S, 4S, 5S, and 7S patterns), proving if long patterns entail

more significant difficulties owing to the enlargement of information.

There are three possible shapes: linear, angular or circular. Figures 5-1 and 5-2 depicts

a graphical description of these shapes. The images show the shapes for the distribution

of motors in both areas of the vest (upper and lower). Responses evidence if users can

discern SoP or, otherwise, they always perceive patterns equally regardless of the shape.

The experiment also yields information about the optimal shapes so that participants notice

properly vibratory stimuli over the torso.

The third parameter is the ViI, which must always remain above the absolute vibra-

tory threshold attained in Chapter 4, Section 4.3. Participants must not recognise specific

intensities, but they attempt to discern the ViI throughout the pattern. There are three

possibilities: patterns keep the same intensity in every stimulus; the intensity decreases or

increases (Figure 5-3 depicts an ascending and a descending pattern). Motors vibrate at

four different intensities: 30, 60, 90, and 100 % of the maximum intensity (330 Hz - 1.297

g). Results provide details about how to deal with this parameter to accomplish the best

perception of vibrotactile feedback.

All patterns contain several stimuli of constant or random durations between 250 and
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Figure 5-2. Two circular patterns. (a) depicts the pattern ’CRC1’ in an upper
area of the vest. (b) depicts the ’CRC2’ pattern in an lower area of the vest.
The difference between them is the direction of stimuli.

Figure 5-3. Two patterns with variable intensities. Dark colours indicate vibra-
tions at higher intensities. (a) depicts a linear and ascending pattern, and (b)
depicts an angular and descending pattern.
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Figure 5-4. Three MIP patterns in the validation. (a) depicts the linear pat-
tern ’LIN’, (b) depicts the angular pattern ’ANG1’, and (c) depicts the pattern
’ANG2’.

1000 milliseconds, but participants must not discern them during the validation due to the

intricacy of recognising specific durations. The parameter is only used to ascertain if the

perception of patterns differs according to the DoS.

The haptic vest renders vibrotactile patterns in their eight areas according to a random

sequence. Participants must point out the specific area where they perceive the stimuli,

aiming to find out if the perception worsens or it is equal regardless of the AA.

A pattern never contains two overlapped vibrations. The next stimulus does not begin

until the previous one has finished, attempting to ease the recognition of all single stimuli.

Satisfactory results reassert the optimal configuration of the vest (e.g. the distribution

according to the vibrotactile spatial acuity), and the easiness to convey information from

the haptic vest to the user.

The validation renders nine patterns by varying all previous parameters in order to

validate the operation of the haptic vest. Those vibrotactile patterns are as follows:

∙ Maximum Intensity Patterns (MIP): they are five vibratory patterns in which all

stimuli remain at the maximum intensity displayable by vibration motors. Figures 5-2

and 5-4 depict a schematic view of the five patterns. They are as follows:

– Linear: two stimuli with linear shape (LIN). The two vibrating motors are random

for each pattern, even though they must be contiguous in the mesh. The duration

of both stimuli is 500 milliseconds.

– Angular 1 / Angular 2: four stimuli with an angular shape. Both patterns have
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Figure 5-5. Two AIP and two DIP in the validation. All patterns are linear,
and dark colours indicate vibrations at higher intensities. (a) and (b) depicts
both AIP (’AIP1’ and ’AIP2’), whereas (c) and (d) depicts both DIP (’DIP1’
and ’DIP2’).

unique shapes and directionality (ANG). Stimuli of pattern ANG1 have durations

of 250 milliseconds, and stimuli of ANG2 have durations of 750 milliseconds.

– Circular: seven stimuli with a circular shape. Patterns differ according to the AA

owing to the distinct distribution in upper and lower areas of the vest (CRC).

The duration of all stimuli in both patterns is 1000 milliseconds.

∙ Ascending Intensity Patterns (AIP): they are two vibratory patterns with ascending

intensities. The first motor begins to vibrate at the lowest intensity (30 % of the

maximum intensity), and next motors vibrate at higher intensities (60 and 90 % of

the maximum intensity). Both patterns consist of three vibrations (3S patterns), and

they have a linear shape (see Figure 5-5). The duration of stimuli are 250 milliseconds

for AIP1 and 500 milliseconds for AIP2.

∙ Descending Intensity Patterns (DIP): they are two vibratory patterns with descending

intensities. The first motor begins to vibrate at the highest intensity (90 % of the

maximum intensity), and next motors vibrate at lower intensities (60 and 30 % of

the maximum intensity). Both patterns consist of three vibrations (3S patterns), and

they have a linear shape as well (see Figure 5-5). The duration of stimuli are 750

milliseconds for AIP1 and 500 milliseconds for AIP2.

∙ Random Intensity Patterns (RIP): they are two vibratory 5S patterns with random

intensities, shapes and durations of stimuli. These patterns can serve as a reference

to analyse how fixed parameters help users to identify vibrotactile patterns properly

(see Figure 5-6).
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Figure 5-6. Two RIP in the validation. Both patterns consist of five vibrations
at variable intensities and times. The shape is always angular, and dark colours
indicate vibrations at higher intensities as well. (a) depicts the pattern ’RIP1’,
and (b) depicts the pattern ’RIP2’.

Thermal Stimuli

The haptic vest solely contains eight thermal actuators. The configurable features of these

actuators are somewhat more limited since they can only render cold or heat at different

temperatures. Changes on temperature hinge on what information the vest attempts to

convey, but thermal actuators must always preserve temperatures within the non-painful

range to avoid painful sensations. Those ranges are already defined (see Chapter 2, Subsec-

tion 2.1.2) and, hence, the vital task is to ensure thermal actuators remain continuously in

contact with the users’ skin to convey stimuli appropriately.

The eight areas of the haptic vest contain a single driver system which manages a thermal

actuator. Therefore, all thermal patterns always consist of either a cooling or a heating

process in a specific area. The validation then verifies the configuration of the thermal

actuation system, and if there are differences in thermal perception between areas in the

front torso and the back, or between cold and hot stimuli.

Participants must only respond to two factors of thermal patterns: the absolute percep-

tion of stimuli (absolute detection and kind of stimuli), and the appearance area. Target

temperatures are always constant (both cold and hot stimuli), and they are values close to

the absolute thresholds of thermal perception within the non-painful range to ensure the

detection of stimuli and the safety of users. The validation only employs two patterns:

∙ Cold stimulus: the thermal actuator drops the temperature from 30 oC up to 16
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oC (1 - 2 oC above the lower painful threshold), and it maintains the temperature

until the participant notices the stimulus and fills out the corresponding row in the

questionnaire.

∙ Hot stimulus: the thermal actuator raises the temperature from 30 oC to 43 oC (2 oC

below the upper pain threshold), and it maintains the temperature until the participant

notices the stimulus and fills out the questionnaire.

Impact Stimuli

The vest contains two impact actuators in the upper areas of the front torso. As in the

case of thermal actuators, the functional features of these actuators are rather limited since

impact stimuli always maintain the same strength. The validation ascertains if users per-

ceive rendered impacts and discern between consecutive stimuli. Satisfactory results would

endorse the placement of actuators, and the selected strength to achieve a clear perception of

stimuli. Otherwise, the actuation system would need modifications to foster the performance

of impact feedback.

Impact patterns have two assessable parameters. On the one hand, the number of

impacts that every pattern contains (either one or three impacts). On the other hand, the

area where the stimulus appears, although there are only two areas in the upper torso. There

are three patterns in the validation experiment:

∙ Single impact: the actuator generates a single impact, and it stops (SI).

∙ Three consecutive impacts: the actuator generates three consecutive impacts without

pauses. An impact takes place every 500 milliseconds, and the total duration of the

pattern is around 1.5 seconds (3cI).

∙ Three non-consecutive impacts: the actuator generates three impacts with a pause of

one second between them. In this case, the total duration of the pattern is around 4.5

seconds (3NcI).

5.1.3 Experimental Setup

Control System

The overall control system consists of a computer to generate the experimental sequence of

patterns and send the instructions to the haptic vest via the integrated Bluetooth emitter.

It also runs MATLAB to record the responses.
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Participants

Participants were 10 healthy people ranging from 20 to 31 years old (mean ± SD = 26.1

± 2.88). All participants were not aware of the experiment’s purpose. They were informed

about the experimental procedure, and they provided informed written consent before start-

ing the experiment.

Ethics Committee of Universidad Politecnica de Madrid approved all the experimental

procedures, and the study complied with the Code of Ethics of the World Medical Associa-

tion (Declaration of Helsinki).

Procedure

The first step is that participants wear the haptic vest. The haptic device is standalone since

it comprises all systems to operate during the whole procedure autonomously. Participants

also wear headphones through which they hear white noise to mask the sound of vibration

motors and impact actuators.

Participants remain standing throughout the whole experiment. In this manner, the

vest always fits appropriately to the body, attempting to avert troubles in the perception if

haptic actuators are not fully attached to the skin.

The control system initiated the sequence of haptic patterns when participants press a

key in the keyboard. An auditory signal indicated the end of each pattern, and partici-

pants responded by filling out the corresponding row in the questionnaire with the required

information about the last pattern. After introducing all the information that they had

recognised, they pressed a random key again to begin the next pattern of the sequence (see

the entire procedure in Figure 5-7).

Each sequence consisted of 102 haptic stimuli randomly presented for each participant.

The sequences contained 88 vibrotactile patterns, six impact patterns, and eight thermal

patterns. The sequence always contained the same patterns, which the vest rendered over

the same areas, but in completely random order. Altogether, sequences reproduced 44

vibrotactile patterns and four thermal patterns over the front torso and the back. In the

case of impact feedback, each actuator displayed three patterns over each area of the upper

front torso.

The sequence of 102 phases also contains thermal patterns. Nevertheless, participants

cannot notice thermal stimuli instantaneously owing to the latency between the beginning

of the stimuli, and the response of human mechanisms of thermal perception. There exists a

certain time from the moment a thermoreceptor detects a thermal stimulus until the brain

triggers the thermal sensation due to the lengthy transduction procedures [15].

The auditory signal also appeared at the end of a phase containing a thermal stimulus,

but if the participant had not perceived anything yet, they left empty the corresponding
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Figure 5-7. The scheme depicts the experimental procedure during the vali-
dation. Participants respond to the questionnaire after each stimulus. When
they detect a thermal stimulus, they wait until the end of the ongoing stimulus
to respond to the questionnaire about that perceived thermal stimulus. The
experiment ends after a sequence of 110 stimuli.

row to fill it out later. At the moment that participants perceived a thermal sensation, they

warned to the experimenter by voice to stop the sequence momentarily. When the ongoing

stimulus finished, they could move back to the row for that thermal stimulus, and they filled

out the empty space with the required data (kind of stimulus and appearance area). After

that, that thermal actuator stopped operating to avoid misunderstandings with subsequent

thermal stimuli.

All vibrotactile and impact stimuli had durations lower than five seconds; thus, the whole

sequence, without considering thermal stimuli, lasted around 9 minutes. The final time of

the whole procedure hinged on the swiftness of participants to answer the questionnaire, but

the experiment usually lasted around 25 minutes in all cases. There is a pause of 5 minutes

after 51 phases so that participants do not lose their attention and do not suffer fatigue.

Moreover, if they notice fatigue or lack of concentration, they can stop the procedure for

5-minutes as many times as required.

Questionnaire

Participants filled out a questionnaire about the perceived stimuli during the experiment.

The questionnaire has 110 rows to provide information about every single stimulus contained

in the sequence. The questionnaire has four columns, and each one corresponds to one of

the parameters to assess, namely: NoV, the SoP, ViI, and AA.
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Participants had to indicate the NoP in the first column. They only filled out that

column for vibrotactile and impact feedback since all thermal patterns consisted of a single

stimulus.

The SoP (second column) is a feature exclusively related to vibrotactile feedback. Before

beginning the experiment, participants were instructed about the likely SoP in order to ease

the recognition. The questionnaire includes a legend under the second column where each

shape has an associated value so that participants use the numbers instead of the whole

word. Values are 1 for linear shapes, 2 for angular shapes, and 3 for circular shapes.

The ViI (third column) is also a feature related to vibrotactile feedback. Participants

attempted to discern whether the intensity is continuous throughout the pattern or, by

contrast, it rises or drops. As in the previous case, participants received previous instructions

to ease the recognition of those variations. There is also a legend under the third column to

associate the ViI with a value. Values are 1 for continuous patterns, 2 for rising patterns,

and 3 for dropping patterns.

Participants indicate the appearance area of every pattern (vibrotactile, thermal, and

impact) in the last column. There is also a legend to relate the eight areas to a specific

number, easing the procedure.

Regarding thermal stimuli, participants must also indicate whether the stimuli were a

cold or a hot sensation in a secondary table under the main body of the questionnaire. As

previously addressed, there is a gap between the rendering of stimuli with thermal actuators

and the moment in which participants perceive the thermal sensation. Therefore, rows

corresponding to thermal stimuli remain empty until participants perceive a stimulus. When

they detected a stimulus, the experimenter stopped the sequence, and they filled out the

empty row.

Participants do not have to indicate the DoS owing to the intricacy of identifying specific

times. However, this parameter can be meaningful to perceive vibrotactile haptic feedback

since short stimuli may go unseen, and long patterns may cause losses of attention.

Statistical Analysis

Responses are organised using contingency tables, which provide an overview of the absolute

perception of all patterns, and their particular parameters. Tables also provide information

about the interdependence between distinct parameters (e.g. there are tables which relate

the NoP to the SoP, the ViI or the AA of patterns).

Next step is to use the chi-squared test to ascertain significant differences in those tables.

Results report the relevance of parameters to perceive haptic patterns reliably. In cases of

significance, residual values of the chi-squared test reveal the particular parameter which

influences the perception of patterns.

Finally, Cramer’s V statistic provides a measurement regarding the strength of every
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Table 5.1
Perceived, Non-Perceived, and Technical Failures patterns concerning

complete patterns and each vibrotactile feature

Complete
patterns

Number of
Vibrations

Shape of
Patterns

Variations in
Intensity

Appearance
Area

Perceived 67.61 % 83.86 % 83.89 % 77.5 % 83.86 %
Non-Perceived 30.11 % 13.86 % 13.89 % 19.44 % 13.86 %
Technical Failure 2.28 % 2.28 % 2.22 % 3.06 % 2.28 %

Table 5.2
Absolute perception of vibrotactile patterns - Correct and wrong Rates

LIN ANG1 ANG2 RIP1 AIP1 AIP2

Correct 84.21 % 82.35 % 33.33 % 53.33 % 73.33 % 92.86 %
Wrong 15.79 % 17.65 % 66.67 % 46.67 % 26.67 % 7.14 %

DIP1 DIP2 RIP2 CRC1 CRC2

Correct 82.35 % 100 % 50 % 42.11 % 62.67 %
Wrong 17.65 % 0 % 50 % 57.89 % 37.33 %

relationship between parameters. The statistic value is a number which always remains

between 0 and 1. If the value is near to 1, the relationship between parameters is mighty,

whereas if the value is near to 0, it is weak or non-existent.

5.1.4 Results

Vibrotactile Stimuli

The analysis of vibrotactile stimuli consists of five approaches, and four of them tackle a

parameter in the questionnaire, namely: the NoV, the SoP, the ViI, and the AA. The fifth

approach examines the absolute perception of each vibrotactile pattern. The four approaches

consist of two separated phases: the analysis of the absolute perception of the parameter,

and a crossed study to figure out relationships with the rest of them.

The first approach is relative to the absolute number of vibrotactile patterns duly per-

ceived. To consider a pattern as entirely correct, participants must identify the four pa-

rameters (the NoV, the SoP, the ViI, and the AA of the pattern) regardless of they are

correct or wrong. Non-Perceived (NP) patterns in the experiment are 30.11 % of the total

since participants could not discern some of the four parameters, and the haptic vest neither

rendered 2.28 % of the total owing to Technical Failures (TF) (see Table 5.1).

Contingency tables include neither NP nor TF patterns to ease the understanding of

responses. The assessment focuses on identified patterns, either correct or wrong, to ascer-

157



tain those parameters more frequently confusable. Notwithstanding, data about NP and

TF patterns appear in the complete contingency tables in Annex B.

Participants perceived the 67.6 % of vibrotactile patterns without mistakes (see Table

5.2). However, the ratio between correct and wrong answers differs hinging on each particular

pattern. The statistical results of the contingency table show significant values (p-value =

0.0000779 ) and the residual values of the chi-squared test report plain deviations in four

patterns: ’ANG2’, ’RIP1’, ’RIP2’, and ’CRC1’. Success rates are equal to error rates in those

patterns, whereas the number of correct answers is rather superior in the rest. Cramer’s V

(V = 0.446 ) also shows that perception depends on the specific pattern since the value is

moderately high.

Regarding the NoV, the objective is to ascertain the users’ ability to discern patterns

with different numbers of stimuli (from 2 to 7). NP patterns and TF are 13.8 % and

2.3 % of the total, respectively. The contingency table shows a clear tendency since the

proper recognition of the NoV drops according to the length of the pattern (see Table 5.3).

Participants always recognised 2S patterns (100 %), and the success rate slightly shrinks

with 3S patterns (82.94 %). Values dramatically reduce in 4S (58.46 %), 5S (50 %), and 7S

patterns (52.56 %) (see Table 5.3).

The chi-squared test reports significant differences (see Table 5.4). In this case, residual

values show dissimilar tendencies of 2S and 3S patterns. Moreover, Cramer’s V is rather high

(V = 0.368 ), showing a strong dependency on the NoV to correctly perceive vibrotactile

patterns (i.e. users can perceive 2S and 3S patterns more accurately).

The crossed analysis relates the right perception of the NoV to three parameters: the

DoS, the SoP, and the ViI (see Table 5.3). Concerning the DoS, success rates rise when

the duration growths: if vibrations last 250 milliseconds, the success rate is 59.38 %, but it

rises to 89.84 % when stimuli last a second. That tendency does not apply to patterns with

random DoS, and the rate is 50 %.

There also are differences in the perception of the NoV when patterns have dissimilar

shapes. Participants easily identify the NoV in linear patterns (88.33 %), but success rates

descend up to 66.42 % and 52.56 % for angular and circular patterns, respectively. The

intensity affects to a lesser extent since all values are similar and above 70 %, even though

patterns with ascending or descending intensities have higher success rates (82.76 and 93.55

%, respectively). The chi-squared test yields significant differences in all cases (see Table

5.4), although the dependency is not so powerful according to Cramer’s V since all values

are within the range 0.261 and 0.217.

Discerning SoP (linear, angular, or circular) may reveal whether participants understand

intricate vibrotactile patterns. The amount of NP and TF patterns remains constant anew.

After removing those non-interest values, the contingency table shows that participants

accurately distinguish 76.69 % of shapes, and they misidentify the remaining 23.31 % (see
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Table 5.3
Perception of number of vibrations - Absolute perception and perception

concerning each vibrotactile feature

(1) Absolute perception - Number of Vibrations

2P 3P 4P 5P 7P

Correct 100 % 82.94 % 58.46 % 50 % 52.56 %
Wrong 0 % 17.06 % 41.54 % 50 % 47.44 %

(2) Number of Vibrations vs. Duration of Stimuli

250 500 750 1000 Random

Correct 59.38 % 70.18 % 64.29 % 89.84 % 50 %
Wrong 40.62 % 29.82 % 35.71 % 10.16 % 50 %

(3) Number of Vibrations vs. Shape of Patterns

Linear Angular Circular

Correct 88.33 % 66.42 % 52.56 %
Wrong 11.67 % 33.58 % 47.44 %

(4) Number of Vibrations vs. Variations in Intensity

Continuous Ascending Descending

Correct 70.59 % 82.76 % 93.55 %
Wrong 29.41 % 17.24 % 6.45 %
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Table 5.5
Perception of shape of patterns - Absolute perception and perception

concerning each vibrotactile feature

(1) Absolute perception - Shape of Patterns

Linear Angular Circular

Correct 87.1 % 82.09 % 60.89 %
Wrong 12.9 % 17.91 % 39.11 %

(2) Shape of Patterns vs. Duration of Stimuli

250 500 750 1000 Random

Correct 86.67 % 76.74 % 78.57 % 84.55 % 64.71 %
Wrong 13.33 % 23.26 % 21.43 % 15.45 % 35.29 %

(3) Shape of Patterns vs. Number of Vibrations

2P 3P 4P 5P 7P

Correct 100 % 89.03 % 83.85 % 60.15 % 59.35 %
Wrong 0 % 10.97 % 16.15 % 39.85 % 40.65 %

(4) Shape of Patterns vs. Variations in Intensity

Continuous Ascending Descending

Correct 86.58 % 85.19 % 89.66 %
Wrong 13.42 % 14.81 % 10.34 %
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Table 5.6
Absolute perception of Variations in Intensity

Continuous Ascending Descending

Correct 100 % 100 % 100 %
Wrong 0 % 0 % 0 %

Table 5.5).

The chi-squared test also shows significant differences (see Table 5.4). Attending to the

table and residual values of the test, that significance is mainly related to circular patterns

since participants could barely discern 60 % of them accurately. Success rates of linear and

angular patterns are somewhat superior, and both are around 85 %. The atypical rate of

circular patterns also appears in Cramer’s V (see Table 5.4) but, even so, the value is not

high owing to the likeness between success rates of linear and angular patterns.

The crossed study is similar in this case, comparing the discerned shapes concerning

the DoS, the NoV, and the ViI. The DoS is not an essential feature affecting the ability to

perceive the SoP. All durations have similar success rates (see Table 5.5), and all values are

within 65 and 87 %. There are no differences either concerning the ViI, and success rates

are similar as well (between 85 and 90 % for all cases). The chi-squared test verifies both

absences of significance (see Table 5.4); thus, the recognition of shapes do not depend either

on the DoS or the ViI in any case. Cramer’s V reasserts that surmise since values are quite

low in both cases (V = 0.174 and 0.178, respectively).

Nevertheless, there is a difference regarding the NoV in each pattern since success rates

drop when the NoV rises. Rates of 2S, 3S, and 4S patterns are reasonably high (above 80

% in all cases), but they descend up to 60 % for 5S or 7S patterns. The chi-squared test

reports a significant difference in the contingency table, but the Cramer’s V is not high (see

Table 5.4).

The perception of vibrotactile patterns may also differ according to the ViI, although

participants identified those variations with full success rates. There are no differences

regardless of the intensities are constant, rise or drop throughout the patterns. NP patterns

were 19.44 % of the total, and the TF were 3.06 % (see Table 5.1). These values differ because

contingency tables do not include patterns with random intensities due to the complexity

for perceiving uncertain tendencies.

The chi-squared test and Cramer’s V are not necessary since all participants perceive ViI

without mistakes (see Table 5.6). Likewise, crossed comparisons with the rest of parameters

do not report meaningful data since the perception is always full.

The last assessable parameter of vibrotactile patterns is the AA. Participants did not

identify 13.86 % of the patterns, and TF remain constant (see Table 5.1). Most of the NP

patterns correspond to the lower back (the perception rate of LLB is 70 %, and 50 % in
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RLB) (see Table 5.7). After removing NP patterns, success rates are 90 % or above except

for two cases, both areas in the left back (ULB has a success rate of 80 %, and LLB has a

rate of 60 %) (see Table 5.8).

The chi-squared test reports significant differences in the contingency table, primarily

related to the substandard perception in the left area of the back (see Table 5.4). Cramer’s

V reports a stronger dependence on the AA as regards other parameters (e.g. the SoP).

Even so, the value is not severely high because success rates in areas of the front torso and

the right back are evenly similar. Therefore, success rates only differ in both left areas of

the back.

The last crossed approach relates the AA to the rest of the parameters. It is not necessary

to compare the areas with the ViI since full success rates reveal that all users perceive this

parameter correctly all over the torso.

There are evident dissimilarities between the front torso and the back in the general

perception of patterns. Success rates are steady in front areas, but they moderately drop

in the upper back and dramatically drop in the lower back (see Table 5.7). Removing NP

patterns, success rates balance out, and the perception of the NoV and the SoP are evenly

perceived in all body areas (see Table 5.8). There still are descents over the entire back, but

rates do not descend below 50 %.

The chi-squared test shows blatant deviations in the lower back (see Table 5.4) for the

three parameters. Moreover, Cramer’s V yields high values (all around 0.38 ), revealing

a moderately strong dependence on the AA to perceive the parameters of a vibrotactile

pattern. These values are not higher due to success rates over the front torso and the upper

back are somewhat similar, even though they descend on the lower back.

Thermal Stimuli

There are two approaches to delve into the perception of thermal stimuli. On the one hand,

an approach to ascertain the perception of cold and hot stimuli and, on the other hand,

a second approach to find out the perception of thermal stimuli over different areas of the

torso. The contingency tables consider the absolute perception of stimuli (perceived and

NP patterns) since participants did not confuse cold and hot sensations, but they could not

recognise some specific stimuli.

Participants only perceived 40 % of cold stimuli, and the success rate rises to 65 % for

hot stimuli. They did not perceive the rest of thermal stimuli (there is a 42.5 % of NP

thermal patterns) (see Table 5.9). The chi-squared test shows a significant difference in the

contingency table (F = 4.06, p-value = 0.043 ), which is not reflected in Cramer’s V (V =

0.25 ). This statistic value reports a weak dependence of the thermal perception on the type

of stimuli (either cold or hot).

The haptic vest initially contains eight Peltier cells, but participants could not discern
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Table 5.9
Results about the perception of thermal feedback

(1) Absolute perception - Hot/Cold & Front/Back

Cold Hot Front Back

Perceived 40 % 65 % 67.5 % 37.5 %
Non-Perceived 60 % 35 % 32.5 % 62.5 %

(2) Hot/Cold stimuli over Front/Back

Cold
Front

Hot
Front

Cold
Back

Hot
Back

Perceived 55 % 80 % 25 % 50 %
Non-Perceived 45 % 20 % 75 % 50 %

thermal stimuli over all those areas with easiness. They solely noticed widespread sensations

over the front torso or the back. Hence, results take two vast areas as references (front and

back) to examine the thermal perception in order to ease the analysis of the performance of

the thermal actuation system.

Considering hot and cold stimuli, the detection rate over the front torso 67.5 %, and

it drops up to 37.5 % over the back (see Table 5.9). The chi-squared test also shows a

significant difference (F = 6.0652, p-value = 0.014 ), and Cramer’s V (V = 0.3 ) reveals that

the appearance area is more meaningful than the kind of stimuli to detect thermal stimuli

accurately.

A more detailed approach examines how each kind of stimuli (cold or hot) affects both

body areas (front torso and back), employing another contingency table. Participants per-

ceived 55 % of cold stimuli over the front torso, but the detection rate radically drops up to

25 % in the back. The same leaning appears in the results of hot stimuli since the detection

rate is 80 % in the front torso, but it shrinks up to 50 % in the back (see Table 5.9).

The chi-squared test does not yield significant differences. Results evince equal be-

haviours in the perception of cold (F = 2.6, p-value = 0.11 ) and hot stimuli (F = 2.75,

p-value = 0.097 ) over the front torso and the back. Both Cramer’s V values are around 0.3,

revealing that the perception of the type of stimulus weakly hinges on the appearance area.

Impact Stimuli

Participants perceived all impact patterns without mistakes regardless of their particularities

(SI, 3cI, and 3NcI patterns). They did not have troubles to discern if the pattern contains

either one or three stimuli, despite both patterns containing three stimuli have dissimilar

lapses between consecutive impacts. Therefore, participants fully perceived patterns, and

there is no need to perform statistical tests since there are no dissimilarities between patterns
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Table 5.10
Results about the perception of the three impact feedback patterns

SI 3cI 3NcI

Correct 100 % 100 % 100 %
Wrong 0 % 0 % 0 %

or the appearance areas (see Table 5.10). There was a single issue since 8.3 % of patterns

were not rendered owing to TF (Technical Failures) (i.e. errors in the driver systems or the

mechanism of the actuator).

5.1.5 Discussion

The validation seeks to certify whether the configuration of all actuation systems (vibrotac-

tile, thermal, and impact feedback) is sound to render stimuli by employing the haptic vest.

If so, the vest is ready to integrate into any VR environment. Otherwise, unsatisfactory

results would indicate the necessity to carry out corrective actions in order to optimise the

performance of the vest, besides ensuring its future applicability in whichever HMI system.

The discussion considers each kind of actuation separately since there are no combined

stimuli during the procedure. Hence, all measures to redress operating aspects are specific

of each feedback system. The discussion also tackles resemblances of results with previous

similar studies, despite there are no developments including vibrotactile, thermal, and impact

feedback in a haptic vest. This design is innovative, and their particular features do not

allow conclusive comparisons with previous devices.

Vibrotactile Feedback

Participants did not notice some vibrotactile patterns (NP patterns), implying they did not

discern some parameters of patterns due to causes formerly unknown. Furthermore, the

haptic vest did not render some patterns owing to TF in the driver systems or the haptic

actuators (see Table 5.1).

TF patterns were 2.3 % during the entire experiment, entailing the vest might fail one

in fifty times, not implying an unstable operation. Examining the failures and their causes

affords to solve the troubles, and reduce failures to the lesser extent during the operation of

the vest integrated into an HMI system.

NP vibrotactile patterns require special heed since participants could not fully perceive

one in ten patterns of the sequence. Figuring out the reasons for those absences of perception

affords to take the best corrective actions to ensure the optimal operation of the haptic vest.

The discussion tackles the four parameters (the NoV, the SoP, the ViI, and the AA) to attain

the more convincing causes of misperception and minimise the number of NP patterns.
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All subsequent analyses seek to contrast those patterns which participants identified cor-

rectly with those patterns wrongly identified. This approach affords to focus the discussion

on what parameters are leading to ensure the optimal perception of vibrotactile feedback

using the haptic vest.

The absolute perception of patterns (see Table 5.1) reports that participants fully per-

ceived two in three vibrotactile patterns without error. In those cases, they identified all

parameters rightly. A failure may have three approaches: participants provide responses for

all parameters, but they are not right, they did not respond to one or several parameters or

a combination of both previous cases.

Statistical tests for the contingency table of the absolute perception report differences be-

tween vibrotactile patterns (see Table 5.4). Residual values diverge in four specific patterns,

which participants did not perceive easily according to the success rates in the contingency

table. They are a MIP angular pattern, a MIP circular pattern, and both RIP patterns.

These patterns only have in common a high NoV, but their shapes and intensities differ. The

reasons for that significance are discussed at the end of this section after deeply analysing

all parameters individually.

Number of Vibrations There is a clear tendency related to the perception of the NoV

contained in a vibrotactile pattern (see Table 5.3). Participants perceive 2S patterns without

error, but success rates diminish when the NoV rises (3S, 4S, 5S, and 7S patterns), reaching

values around 50 % for 5S and 7S patterns. The conclusion is straightforward since par-

ticipants undergo more hardships to discern a high NoV, although patterns are sequential

and two consecutive stimuli never overlap. This worsening of perception might be owing to

lacks of attention related to the long duration of patterns (participants may expect shorter

patterns), or the high amount of information to manage when the pattern lengthens in time.

Crossed analyses report how other parameters (SoP, ViI, and DoS) affect the perception

of the NoV (see Table 5.3). They provide outstanding knowledge about the relationships

of parameters in a pattern, which are reasonably helpful to develop dependable vibrotactile

patterns.

Table 5.3 shows the contingency table, which relates the NoV to the DoS, reporting a

clear tendency anew. Participants had a success rate of 59.3 % in perceiving the NoV when

their duration is 250 milliseconds, and that value grows when the duration increases. The

success rate of those patterns with 1-second stimuli is almost 90 %. In this manner, par-

ticipants notice accurately vibrotactile patterns which contain stimuli with durations above

500 milliseconds. There is a particular case when duration continuously differs throughout

the pattern (RIP patterns), and the success rate reduces up to 50 %. Results imply that

constant durations serve as a reference to understand patterns, whereas random durations

entail participants might lose the attention, worsening the proper conveyance of information.
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There also are differences in the identification of shapes depending on the NoV (see Table

5.3). Participants perceived nine in ten patterns accurately when the shape is linear, but

that rate drops when patterns are angular or circular. The explanation is simple since all

linear patterns are 2S or 3S owing to the configuration of the triangular mesh (see Figure

3-32), whereas angular and circular patterns contain higher numbers of stimuli. Therefore,

disparities in perception seemingly relapse into the NoV, and not into the SoP. Nonetheless,

there always are patterns which contain a high NoV, such as circular patterns, and it is

necessary to optimise the vest for ensuring the perception of long patterns.

ViI do not substantially affect the perception of the NoV (see Table 5.3). Success rates

are always above 70 %, and statistical tests do not show remarkable results either, even

though participants discerned ascending and descending patterns more easily (see Table 5.4).

Participants notice readily continuous ViI, since they foster the attention of participants in

patterns, and ease the correct identification. In this manner, ViI might serve as a reference

to discern patterns and the NoV.

Shape of Patterns The amount of NP shapes is slightly less than the total number of NP

patterns (see Table 5.5). Subsequent analyses do consider neither patterns with NP shapes

nor TF patterns. Removing those results, participants distinguished whether patterns were

linear, angular or circular with a success rate of 80 %.

Statistical tests report noteworthy results in the contingency table of the absolute per-

ception of shapes (see Table 5.4). Moreover, the chi-squared test shows a significant result

related to the perception of circular patterns. The success rate of these patterns is 61.11 %,

but rates grow up to 85 % for both linear and angular patterns. However, Cramer’s V does

not reveal a strong dependence on the shape to perceive patterns accurately (see Table 5.4).

That low value is owing to success rates for linear and angular shapes are fairly similar, and

there is a sole dissimilarity as regards circular shapes.

Crossed analyses are similar in this case, comparing the perception of the rest of param-

eters according to the shape. Firstly, neither the DoS nor ViI are an influential aspect to

perceive the SoP correctly (see results of statistical tests in Table 5.4).

The same does not happen concerning the NoV (see Table 5.5). Results report a greater

complexity to discern patterns containing high numbers of stimuli. Participants perceived

shapes of 4S patterns rightly, and the drop in success rates solely appears in 5S and 7S

patterns. The chi-squared test and Cramer’s V verify those differences (see Table 5.4).

Cramer’s V is a rather high value which entails a notable dependence on the NoV to perceive

the SoP. Nevertheless, the value is narrowed down since success rates for 2S, 3S and 4S

patterns have similar values between them, as also occurs with success rates for 5S and 7S

patterns.
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Variations in Intensity The perception of ViI is a unique phenomenon. All participants

were able to recognise those variations without errors, discerning if the intensity is constant,

rises or drops throughout each specific pattern (see Table 5.6). However, participants could

not discern 20 % of ViI (NP variation patterns), which contrast with the perfect perception

when the ViI is distinguished. Participants would probably not provide an answer if they

did not discern the ViI accurately, although they were encouraged to answer, even when

they were not entirely confident.

The full perception of ViI entails that statistical tests do not yield significant results.

Likewise, the contingency tables to compare with the rest of the parameters show the full

perception as well. ViI is neither a parameter which affects the absolute perception of

vibrotactile patterns nor their associated parameters. Therefore, altering this factor does

not enhance or worsen the perception of vibrotactile patterns rendered with the haptic vest.

Appearance Area Concerning the AA of vibrotactile stimuli, rates of NP areas and TF

patterns are equal than success rates corresponding to the absolute perception of patterns.

As those values keep constant, participants always perceive the area when they distinguish

the pattern. Therefore, the identification of the AA is more straightforward than detecting

other parameters, such as the SoP.

97.5 % of NP areas are related to the lower areas of the back (RLB and LLB), whereas the

rest of failures are scattered in the remaining areas (see Table 5.7). Seemingly, the perception

becomes troublesome in those areas due to a flawed fitting of the vest. Some vibration motors

do not remain completely attached to the body owing to the spine, becoming complex the

rendering of vibrotactile patterns.

Withdrawing patterns with NP areas and TF patterns, success rates of whole patterns

in the front torso are above 90 % (see Table 5.8). Those rates descend in both lower back

areas (LLB has a success rate of 60 %), but there are also deviations in the upper back (the

success rate in ULB is around 75 %) since participants could not perceive any parameter.

These results reveal the need for improving the vest’s fitting to ensure the permanent contact

of actuators to the user’s body and perceive vibrotactile feedback adequately.

Participants did not notice patterns evenly regardless of the AAs according to statistical

tests (see Table 5.4). The chi-squared test shows the differences lies with the back areas, even

though there is an expressly defective value in LLB. Nevertheless, psychophysical experi-

ments in Chapter 4 reported the front torso and the back have similar perception features,

endorsing the surmise which links the perception troubles to the vest’s fitting. Enhancing

the fitting of the vest must be, therefore, a primary task to solve those misperceptions,

unifying the vibrotactile perception in the entire torso.

Last crossed analysis examines the relationship between the AA and the SoP and the

NoV (see Table 5.8). The perception in different areas does not rely on ViI since participants
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perceived all of them with a success rate of 100 %.

Contrarily, the NoV and the SoP are not perceived evenly in all body areas. There are

evident dissimilarities regarding the NoV between the front torso and the back. Success rates

are steady in front areas, but they moderately drop in the upper back, and they dramatically

drop in the lower back (see Table 5.7). Both statistical tests endorse these troubles since

participants did not perceive 50 % of patterns in the entire back.

The chi-squared test shows blatant deviations in the lower back (see Table 5.4). However,

Cramer’s V is quite low (below 0.3 ), which reveals a weak dependence of the AA on the

perception of the NoV. The low value appears due to success rates over the front torso,

whereas upper back values are quite similar, although they differ on the lower back.

A similar behaviour emerges when analysing the perception of the shapes according to

the AAs. The differences also appear on the lower back, where participants only perceived

between 20 and 40 % of shapes (see Table 5.7), which is considerably below the values on

the rest of areas (around 70 %). Removing NP shapes, success rates balance, and all values

are around 80 %, although there are still different values such as LLB (the chi-squared test

reports a significant result). Cramer’s V is low owing to rates are within a narrow range,

except for those in lower back areas. These results suggest the necessity of a better vest’s

fitting anew to enhance the performance, but mainly focusing on those areas of the back, in

which the perception is less accurate.

Considerations about Absolute Perception of Patterns Results showed that par-

ticipants could not perceive 14 % 5.1 of patterns, but it was then complicated to attain firm

conclusions about those lacks of perception. Attending to the results of each parameter, the

leading cause of misperceptions is related to the AA and, more specifically, to the lower back.

A better vest’s fitting should be helpful to reduce error rates, but it neither ensures the full

perception of all patterns. There may be other parameters which hinder the perception of

patterns such as the NoV since participants did not perceive some lengthy patterns (4S, 5S,

and 7S patterns). Therefore, the development of vibrotactile patterns must keep in mind all

parameters to optimise the conveyance of information by using vibrotactile feedback.

The first significant difference appears in the pattern ’ANG2’. It is an angular MIP as

the pattern ’ANG1’ (see Figure 5.2), but it has a distinct directional change. The difference

is not ascribable to any of the four parameters, but it reveals the directionality can alter

the perception of vibrotactile patterns [263] [264]. However, this experiment solely seeks

to determine if the haptic vest operates appropriately, even though that result opens up

opportunities to deepen in the perception of intricate vibrotactile patterns over the torso in

future investigations.

Both random patterns (’RIP1’ and ’RIP2’) show distinct tendencies as regards the rest

of the patterns. Their shape is angular, and they are 5S patterns, whereas the ViI and
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the DoS are wholly random. The most proximate cause for those tendencies is the high

NoV since previous results revealed that 4S patterns were more hardly noticeable. Another

option could be that intensities and durations usually follow a tendency, but RIP patterns

are entirely random. Success rates may drop because participants did not have a reference

to lead the perception and ease an accurate recognition of the pattern.

Next significant difference appears in the pattern ’CRC1’, which is a MIP circular pat-

tern. All stimuli last one second, and the intensity remains constant throughout the pattern.

There are three possible reasons why participants hardly identified the parameters of this

pattern: the constant intensity, the circular shape, and the NoV. Nevertheless, ViI barely

affects the perception (see Table 5.6), and this parameter is not probably the main reason

for that difference.

In this manner, the cause is related probably to the shapes or the NoV, but both circular

patterns are 7S patterns, which thwarts the proper perception (see Table 5.3). Therefore,

the main reason is the NoV and its inherent relation to the circular SoP.

Pattern ’CRC2’ is similar to the pattern ’CRC1’, but the chi-squared test does not

show deviations in this case. Resorting to results in the contingency table, pattern ’CRC2’

is neither perceivable with extreme easiness, although statistical tests do not report that

hardship. Both success rates are not unduly dissimilar (40 % for pattern ’CRC1’, and 58.8

% for pattern ’CRC2’), and they reassert the assumption of great hardships to perceive

circular patterns, which contain a high number of individual stimulus.

Final Conclusions There are some attainable conclusions derived from the thorough anal-

ysis of vibrotactile patterns and their parameters. Those results are helpful to dependably

create haptic patterns for this vest and similar devices.

The NoV contained in a pattern has to be the minimum to convey the required infor-

mation to users. The higher NoV, the more likely it is that information is lost. According

to the selected approach, four stimuli would be the limit to ensure an accurate perception,

and higher numbers, even though required on occasions, would descend the performance of

vibrotactile patterns.

Regarding the SoP, participants perceived linear and angular shapes accurately, but

circular shapes were barely noticeable. This consideration is closely related to the NoV

since circular patterns are always 7S patterns. These patterns stimulate larger spaces in

each area, and they are necessary to convey certain information, but its usage should be

minimised to ensure the utmost perception.

ViI of patterns do not affect the perception according to the perfect success rates obtained

during the experiments. All participants perceived without troubles those variations.

The AAs also influence the perception, but due to the flawed fitting of the vest over the

back. Improving the tailoring may solve this trouble in the next versions of the vest, unifying
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the proper perception of haptic patterns. Nonetheless, this parameter does not affect the

creation of patterns since the psychophysical experiments have shown that patterns can be

created in a generalised manner for every area of the torso.

The DoS in patterns is also a vital trait. Short vibrations may complicate the perception

since users cannot process the information quickly and easily. Success rates report durations

longer than 500 milliseconds foster the proper perception of patterns. However, this param-

eter might collide with the NoV and the total duration of patterns since more prolonged

vibrations increase the total time of the pattern. Therefore, the development of vibrotactile

patterns has to reach a compromise between the DoS (> 500 ms), the NoV (< 4 stimuli),

and the total duration of the pattern to accomplish a reliable perception of each vibrotactile

pattern.

Thermal Feedback

Absolute identification rates are somewhat lower than those for vibrotactile stimuli (see

Table 5.9). The values are around 65 % for hot stimuli, but that percentage slightly drops

for cold stimuli since participants could only identify 60 % of thermal patterns. All results

are organised in contingency tables as well, and the chi-squared test reports a significant

difference between the perception of cold and hot stimuli. The p-value (p-val = 0.047 ) is

close to the significance limit (𝛼 = 0.05 ) and Cramer’s V value (V = 0.261 ) is fairly low,

which evinces a weak dependence of thermal perception on the kind of stimulus (either cold

or hot).

Participants detect hot stimuli over the torso easier than cold ones. It would be ex-

pectable that users detect cold stimuli with easiness due to the broader gathering of cold

thermoreceptors in all body areas [17]. However, results do not coincide to the previous

assumption. There are plenty of factors which may distort that perception (e.g. the fitting

of the vest, the duration of stimuli).

Both kinds of stimuli employ temperature near to the pain thresholds of thermal per-

ception (there is a deviation of 1-2 oC in both cases). The continuous operation of the vest

might ease the perception of hot stimuli owing to the residual heat permanently coming

from running driver systems. Contrarily, the perception of cold stimuli is seemingly more

complicated since the system cannot maintain the target temperature during long times,

which can be due to the residual heat or the system is not powerful enough. Therefore, the

thermal actuation system requires improvements to ensure the capability of rendering cold

stimuli during long times and enhancing the general efficiency of the haptic vest.

Identification rates are low, and results do not approach to the expected values to consider

appropriate the performance of the thermal actuation system. However, the system always

reaches the target temperatures according to the measures of the thermal sensor attached

to each actuator, and it maintains those temperatures without exceeding the bound range.
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Therefore, the vest’s fitting is the most likely cause of misperceptions.

Another influential factor is the latency between the thermal system starts the stimulus

and the beginning of the perception. The adaptation and transduction procedures of the

human body are slow, and participants take a specific time until they notice the variation

in temperature [16]. The thermal stimuli did not stop until the participant detected it, but

the sequence (including vibrotactile, thermal, and impact patterns) continued, which might

hinder the perception since participants are not focused entirely on discerning every specific

thermal stimulus.

Participants could not associate thermal stimuli to the particular area in most of the

cases, but they responded referring to broader areas (e.g. low or upper areas of the front

or the back). Thereby, the analysis considers the perception in those areas (front and back)

instead of over the eight primary areas. This lack of perception contravenes the results of

thermal spatial acuity, but it is explainable by considering that participants do not keep

full attention in thermal stimuli during the procedure (they are perceiving vibrotactile and

impact feedback simultaneously). Contingency tables and statistical tests (see Table 5.9)

report that the perception is better in the front torso, agreeing with results of vibrotactile

stimuli.

A separate analysis of cold and hot stimuli reveals different success rates in different body

areas. Participant discerned 80 % of hot stimuli over the torso, and that rate drops up to 55

% for cold stimuli. The tendency repeats in the back, and the values drop for cold stimuli as

well (see Table 5.9). These descents suggest the necessity of improving the vest’s fitting on

the back to optimise the adhesion of actuators to the user’s skin and the ensuing perception

of thermal stimuli. However, guaranteeing the proper perception of thermal stimuli may

require additional deeds such as improving the textile design or modifying the operation of

the thermal actuation system.

There are two layers of fabric between the thermal actuator and the user’s skin to protect

both elements. The first layer is a thin outer fabric in the vest, and the second one is the

undershirt that all participants must wear during the experiments. Both layers mitigate the

temperature over the user’s skin; thus, participants did not perceive the actual temperature

in the plate of the thermal actuator attached to the skin. Removing those layers would be

the ideal solution, but it is not feasible since users require a protection layer to get isolation

from the vest’s systems and to avoid extreme temperatures if any error comes about in the

haptic vest.

Other workable option would imply the increase of thermal stimuli intensity. Rising or

dropping the temperature beyond the pain thresholds might ease the perception of stimuli.

However, those excesses demand the mitigation of the intermediate clothing layers, and

accurate thermal control to prevent user’s skin receives a stimulus outside the pain range.
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Impact Feedback

Participants perceived all impact stimuli without errors. They identified the number of

stimuli contained in each pattern, besides the appearance area (see Table 5.10). There is

only trouble related to the number of patterns that the system did not render (8.3 % of the

total). The system requires little enhancements to secure the reliability of the mechanical

system to prevent those troubles during the standard operation of the vest.

The validation proves the new impact actuator renders patterns over users adequately.

Those patterns may consist of different numbers of stimuli or distinct gaps between stim-

uli, but they are always capable of conveying information related to sudden phenomena in

whichever VR environment.

Additional Considerations

Comparing all previous results with other studies is certainly complex since this experiment

attempts to validate a specific device, which barely resembles previous devices. There are

some studies which deal with the absolute perception of vibrotactile or thermal stimuli, but

no investigations cope with how users notice impact stimuli.

Several studies have analysed how users perceive vibrotactile patterns over body areas

such as the fingers [106], the hands [109], or the torso [107]. All these studies report high

reliability to perceive those vibrotactile patterns appropriately, but they usually employ

single and straightforward stimuli. Only one study [107] employs several parameters such

as the shapes or the intensity, rendering vibrotactile patterns over the back, and reaching

satisfactory results as well. The rest of studies examines other parameters more related to

operating features of vibration actuators such as the amplitude or the frequency [265]. How-

ever, they also obtain dependable results concerning the absolute perception of vibrotactile

stimuli over the hands, the fingers, or the forearm [266]. Therefore, previous results yield

high success rates, coinciding with the results of this validation.

Nevertheless, the validation employs more complex patterns, although the results are

good as well (except for the required changes in the vest’s fitting). If the haptic vest renders

these complicated patterns, and participants receive adequate information, the vest can

render simpler stimuli accurately with a single actuator, as reported in all previous studies.

Some studies also examined the DoS [266] [267], but they are hardly comparable owing to

the long duration of patterns in this validation since they employed short single stimuli.

Results about thermal and impact patterns reveal if participants perceive those stimuli

accurately. Some previous studies dealt with the absolute perception of thermal stimuli

[115] [117], but they did not focus on the torso, and the results cannot be easily contrasted.

Likewise, the impact actuator is a new design, and there are no developments of similar

mechanical actuators. Furthermore, there are a plethora of variables related to this system,
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such as the impact strength or the locations of actuators, making unfeasible to compare

these results with previous studies.

5.2 Experiment 2: Evaluation of the Haptic Vest in Virtual

Environments: Subjective Perception and User’s Skills

The haptic vest is ready to integrate into a conventional VR system after the validation.

The primary objective is to set a foundation about the usefulness of the vest to enhance the

user’s experience in VR systems, foster that users can successfully fulfil the tasks of each

virtual scenario, and improve the performance of the correspondent VR application.

The haptic vest originally gears towards its usage in serious games focused on learning

or training applications. Therefore, satisfactory results entail that the vest is a helpful tool

in those scenarios and, consequently, it may bolster the benefits of training and learning

applications.

The assessment of the integration focus on analysing the three concepts previously men-

tioned: the realism, the immersion, and the sense of presence. Responses reveal whether the

VR system and, particularly, the haptic vest achieve those sought improvements, besides

whether users perceive an improved subjective perception of the scenario.

This VR system is a serious game to train security forces of a train station, which must

face a post-explosion situation. The environment includes mechanisms to detect haptic

events between the controlled avatar and the elements of the scenario. If an event occurs,

the VR system sends a signal to the vest’s control system, which unleashes the rendering of

a haptic stimulus by employing the necessary actuators.

The scenario contains dead and injured people over the floor, besides people screaming

and running away. Furthermore, there is a fire as a consequence of the explosion. These

phenomena might entail stress, anxiety or restlessness sensations, which are further fos-

tered through visual, auditory, and haptic feedback. The scenario and the three feedback

modes afford to assess how users undergo stressful and unfriendly environments, besides the

helpfulness of the haptic vest to improve the performance, the immersion and the sense of

presence.

Haptic events stemming from the VE have to be rendered using the actuation systems in

the vest, even though the vest used in this experiment (AB version) solely contains two kinds

of actuation: tactile and thermal. On the one hand, the vibrotactile actuation simulates

virtual interactions such as contacts between the user’s avatar and people or objects in the

scenario. On the other hand, the thermal actuation creates temperature variations due to

thermal spots in the scenario (i.e. a fire) or physiological changes caused by an unfriendly

and stressful situation.

A secondary objective is to accomplish realistic haptic patterns, making users come to

176



believe that they are in a real situation, and they perceive real sensations. Benefits could be

evident in users’ experience since they would get on in the scenario as in reality, and they

would complete the entrusted tasks more efficiently and accurately.

However, a haptic vest cannot be helpful if the VR system is not realistic enough, and

the virtual scenario does not have high graphical quality and convincing sound effects. If

those features are not good enough, the increase of the multimodality by adding haptic

devices would be pointless, and users would not get a proper immersion or sense of presence

in the VE.

A multimodal VR system becomes more complex as the higher the number of human

senses involved since it needs an appropriate synchronisation between all feedback modes.

When a user visualises a virtual event, they need to hear and perceive haptic stimuli at the

same time to develop the sensation of being in the VE. Furthermore, the spatial origins of

all stimuli (visual, auditory, and haptic) must be coherent so that users can associate the

feedback with an event in the virtual scenario. If so, the whole system is congruent, ensuring

enhancements for subjective perception.

Ultimately, the experiment also reports whether there are differences in the perception

of haptic stimuli according to the previous expertise of users. Participants conducted the

experiment and, after filling out a questionnaire, they were divided into three groups ac-

cording to its expertise: Haptic Experts (HE), Technology Experts (TE), and Non-Experts

(NE).

Both categories of experts (HE and TE) should assumedly need a VR system of high

quality to undergo great virtual experiences. These users are more capable of analysing

technical aspects of the system and finding flaws and features to improve. Contrarily, the NE

group would be more responsive since the vest is an innovative device related to disruptive

technology as VR; thus, they provide better assessments and more willingness to use these

systems. Comparing both evaluations provides an overview of the influence of the expertise,

and guidelines to develop haptic stimuli according to the target public.

5.2.1 Materials

This experiment makes use of the vest’s version controlled using Arduino boards (AB ver-

sion). The vest solely contains vibrotactile and thermal actuation, even though both versions

can render all the stimuli (including impact feedback). There is a remarkable difference since

the vest is supplied with a wall outlet instead of batteries, which may slightly restrict the

users’ movement.

There are no impact actuators in this version since the VE does not include impact

events such as shots or explosions. The distribution of vibrotactile and thermal actuation

is addressed in Chapter 4, Subsection 4.5.2 according to the results of experiments about

spatial acuity.
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The haptic vest must remain permanently in contact with the users’ body; otherwise,

they are not able to perceive adequately haptic stimuli, and the device outlives its usefulness.

Two vests were custom-tailored to ensure a tight fitting to the body: a vest of Medium (M)

size, and a vest of Large (L) size. Both vests include Velcro strips on the shoulders and

laterals to accomplish the best fitting to every participant, getting the same experimental

conditions in all cases.

The control of the vest consists of seven Arduino boards, as stated in Chapter 3, Sub-

section 3.5.1. One of them handles a Bluetooth system which permanently communicates

with the VR system, and it receives commands relative to haptic events happening in the

scenario. The remaining boards manage vibrotactile actuators (three boards) and Peltier

cells (three boards) by using several PCBs which contain the power stages to control each

actuation system. The 6 Arduino boards are the minimum number to get the necessary

PWM outputs to control all actuators.

Despite the differences between versions of the vest, the results of this experiment are

generalisable since the main features stay fixed: the general control scheme is similar, and

both vibrotactile and thermal actuators keep the same distribution all over the vest. The only

difference is related to the processing speed since Arduino boards are slower than a typical

microcontroller, which can trigger troubles during the data handling and the communication

with the VR system.

5.2.2 Haptic Stimuli

The conveyance of information from the VE begins when the VR system recognises a virtual

event associated with a haptic stimulus. Each event has an associated value that the system

sends via Bluetooth to the Arduino master board in the haptic vest. Likewise, the master

board sends the command to the six slave boards. If one of them recognises that value, it

initiates a sequence of events to render the haptic stimulus, either by using vibrotactile or

thermal feedback.

Each predefined haptic pattern corresponds to a virtual event. The creation of these

patterns aims to get realistic stimuli that users may associate with a real sensation. Hence,

the development must consider the instructions about psychophysical parameters in Chapter

4. The features of the specific virtual scenario are also imperative to create customised

patterns that reliably simulate a particular event (e.g. considering the distance between the

avatar and the active fire to simulate hot temperatures).

Virtual events that unleash vibrotactile stimuli are related to collisions between the

controlled avatar and other avatars or elements in the scenario. The controlled avatar

contains several colliders surrounding the user’s Point of View (PoV), and more specifically,

the areas where motors are located in the vest: the shoulders, the front torso and the back.

Other virtual avatars and elements also contain colliders to detect contacts with users and
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send a signal to the vest so that it renders the corresponding haptic pattern to simulate a

collision.

The VR system sends a different signal depending on the area wherein the collision takes

place. The vest’s control receives that signal and turns on the corresponding vibrotactile

actuators (e.g. if the collision befalls on the right shoulder, the vest only activates the

motors over that area). The total duration of a collision pattern is always 250 milliseconds.

However, the intensity of vibrations differs according to the velocity of the avatar during

the collision:

∙ If the contact takes place while the avatar is walking (low velocity or v < 1 m/s), the

system displays a smooth blow with an intensity of 150 Hz - 0.501 g.

∙ If the contact takes place while the avatar is running (high velocity or v > 1 m/s), the

system displays a strong blow with an intensity of 300 Hz - 1.216 g.

Regarding thermal stimuli, the VR system uses specific procedures to calculate the tem-

perature of Peltier cells at every moment during the virtual experience. This virtual scenario

generates temperature variations depending on two phenomena:

∙ The physiological condition of the avatar in the scenario, mostly related to stress and

physical activity.

∙ The closeness to the active fire in the scenario.

The estimation of temperature owing to the physiological condition of users differs

whether thermal variations hinge on the stress or the physical activity. Thereby, the sim-

ulation of the three phenomena (stress, physical activity, and closeness to the fire) is as

follows:

∙ Stress. Some studies [268] suggest that stress may continuously upsurge body tem-

perature. A person moving around in an unfriendly environment might suffer stress

sensations, all the more since users have not undergone similar systems before (e.g. a

post-explosion situation).

Therefore, this kind of hostile environment might generate a prolonged stressful sen-

sation which does not appear and disappear sporadically; thus, the growth is slight

but permanent. Equation 5.1 employs an empirical stress constant (Kst = 0.02 ), and

the time from the deployment of users in the stressful scenario (t).

∙ Physical activity. The body temperature of a person increases due to physical activity,

for instance, when they are walking or running [269]. The VE monitors the avatar’s
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velocity to generate variations in temperature by employing equation 5.1, which em-

ploys an empirical velocity constant (Kv = 0.01 ), and the real velocity of the avatar

in each moment throughout the experience (v).

𝑇𝑒𝑚𝑝𝑠+𝑝𝑎 = (𝐾𝑠𝑡 +𝐾𝑣𝑣)𝑡 (5.1)

∙ Closeness to the fire. The haptic vest renders sudden risings or drops of temperature

when the user approaches or moves away from the active fire in the virtual scenario.

Equation 5.2 regulates the temperature by employing HeatMag, which takes variable

values between 0 and 100 depending on the distance between the avatar and the fire

at each moment.

𝑇𝑒𝑚𝑝𝑓 = 𝐾𝑓𝐻𝑒𝑎𝑡𝑀𝑎𝑔 + 34.9 (5.2)

The active fire solely affects the avatar when it is at distances lower than 100 m. The

temperature at 100 m is 34.9 oC, that is slightly below the ordinary body temperature.

If the avatar approaches, the temperature increases until a maximum value of 45 oC

when the user is in the vicinity of the fire. Using that value (45 oC is the upper limit of

the non-painful range) allows users for perceiving a heat sensation without activating

the nociceptors and triggering painful sensations.

The empirical equation to regulate the temperature is linear, and the fire constant (kf

= 0.012 ) is selected to fulfil the requisites about the upper limits (the temperature

never rises beyond 45 oC ).

The closeness to the fire only affects if the fire is active (HS = 1 in equation 5.3).

Otherwise, the system only considers risings and drops of temperature owing to the

users’ physiological condition.

𝑇𝑒𝑚𝑝 = 𝑇𝑒𝑚𝑝𝑠+𝑝𝑎 +𝐻𝑆Δ𝑇𝑒𝑚𝑝𝑓 (5.3)

The final temperature is the sum of the three previous temperatures (equation 5.3). The

temperature owing to users’ physiological condition is not reversible and, if the experience

is long, it continuously increases until thermal actuators reach 45 oC. If the thermal system

is rendering a temperature lower than 45 oC and the avatar approaches to the fire, the

temperature may rise to the upper limit. In the case of the avatar moves away from the

fire, the temperature would diminish until the value given by the physiological condition

(considering both stress and physical activity). If the temperature due to the physiological

condition is already 45 oC, the fire does not affect users.
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The temperature of Peltier cells always remains below than 45 oC, and above 30-32 oC

(i.e. the average body temperature when a user begins the experience). This VE does not

trigger virtual events which entail cold temperatures, and Peltier cells never develop stimuli

below 30 oC.

The difference between minimum and maximum temperature values is around 15 oC ;

hence, the maximum rise equates to 15 oC if the user approaches swiftly to the active fire

at the beginning of the procedure. The response time of thermal actuators must be short

enough so that users notice a sharp thermal sensation. According to the experiments stated

in Chapter 3, Subsection 3.3.4, the response time between 29 oC and 45 oC is 12 seconds

roughly, whereas to reach any intermediate temperature, the time is lesser. The avatar

usually approaches gradually, and the response time is enough to appropriately perceive the

thermal increase when the user is in the vicinity of the active fire.

5.2.3 Virtual Environment

Users have to move around in a VE which simulates an underground train station during a

post-explosion scenario. There are two railroad tracks, one central platform, and two side

platforms. At the end of the three platforms, there are staircases which connect with the

top floor wherein there are turnstiles and two ways out to the street. The VE was designed

using Unity3D as a part of the AUGGMED project (Unity Technologies, San Francisco,

USA), creating a highly realistic environment (see Figure 5-8).

The explosion takes place before deploying users into the scenario. The deployment

always occurs next to one of the staircases which connect the central platform with the top

floor. The blast has several consequences: people in the station who attempt to escape

towards the exit, a fire originated close to the explosion, and the floor covered with dead

bodies and injured people. Alive people may scream and run while they look for a way out,

which might foster the stressfulness and unfriendliness of the virtual scenario.

After the deployment, users can move freely around the scenario and interact with all

elements in the train station utilising visual, auditory, and haptic stimuli. Those interactions

must be realistic so that users believe that they are in a stressful situation after a terrorist

attack. However, the realism of the scenario does not enhance if computer graphics do not

have high quality. If the visual feedback is not adequate, it is unfeasible to improve realism

through other feedback methods such as auditory or haptic stimuli.

The VR system initially comprises visual and auditory feedback, whereas haptic feed-

back is added afterwards by employing the haptic vest. When the system detects an event

involving haptic information, the haptic vest receives a signal and renders the correspond-

ing haptic stimuli so that users notice visual, auditory and haptic feedback simultaneously.

The full congruence and the synchronisation of those three stimuli are vital to enhance the

performance and the realism of the VR system, besides the user’s experience in the scenario.
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Figure 5-8. Participants move around in a virtual scenario depicting a train
station.

Users wear the whole VR system to conduct the experiments. The system consists of

the HMD, specifically the HTC Vive (HTC Corporation, Xindian, Taiwan); a controller to

move the avatar around the scenario, which also handles functionalities to allow evacuating

or triage the injured people, and the vest to render haptic stimuli stemming from the VE.

5.2.4 Control System

The VR system is the master which sends the required information to the vest, which acts

as the slave. The process begins when the system detects a virtual event which triggers a

haptic stimulus, sending the message to the vest via Bluetooth protocol, which receives the

signal. The AB vest operates as a master-slave device as well. The Arduino master board

controls a Bluetooth receptor (it is based on 4.0 protocol to ensure the compatibility of the

vest with conventional VR systems) to take signals coming from the VR system. The rest

of Arduino boards are the slaves which receive signals and communicates with the driver

systems to render the corresponding haptic stimuli.

The selection of the Bluetooth protocol ensures quick transmissions between the VR

system and the vest, being essential to perceive concurrent haptic and visual stimuli. Figure

3-27 shows the complete communication scheme between the VR system and the haptic

vest.

The communication between the master and the slaves uses the I2C protocol. The con-

nection between all Arduino boards consists of a 3-cable bus to allow the communication via

I2C. The haptic vest is powered (both Arduino boards and the driver PCBs for vibrotactile

and thermal actuators) employing wall plugs or external power sources.

The stream of information between the VR system and the haptic vest must be straight-

forward. The signals are hexadecimal numbers that the Arduino master itemises to send
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Figure 5-9. Two participants during the experiment.

the information only to the required slaves. When a slave receives a signal, they read the

information to swiftly trigger the rendering of a vibrotactile or thermal pattern so that

participants can perceive visual, auditory, and haptic feedback synchronously.

5.2.5 Experimental Procedure

Apparatus

The experimental system consists of the VR system composed of the HMD, two controllers so

that users can move around and interact with the virtual scenario, the headphones integrated

into the HMD to hear all sounds in the scenario, and the haptic vest including vibrotactile

and thermal actuators.

The VR system was managed by an MSI GT72VR Intel i7-7700HQ (graphics card

nVIDIA R○GeForce GTX, 8GB GDDR5), which runs the whole VR system as well as the

Bluetooth emitter.

Participants

Participants were 23 healthy people ranging from 23 to 53 years old (mean ± SD = 33.43 ±
7.34). All participants were unaware of the purpose of the experiment. They were informed

about the experimental procedure, and they provided written informed consent before the

beginning.

Each user filled in a questionnaire after completing the experiment. Participants were

classified into three groups stated before (Haptic Experts, Technology Experts, and Non-

Experts). The objective is to ascertain differences in perception relative to visual, auditory,
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and haptic feedback according to the previous expertise of users.

Ethics Committee of Universidad Politécnica de Madrid approved all the experimental

procedures, and the study complied with the Code of Ethics of the World Medical Associa-

tion (Declaration of Helsinki).

Procedure

Before beginning the experiment, the participant wears the HMD, the headphones, and the

haptic vest. Two HTC trackers demarcate the place wherein participants can move during

the experience, and it is large enough so that participants move without restrictions (see

Figure 5-9). The vest must be tightly fitted to the body so that all actuators remain attached

to the skin during the experiment; otherwise, participants would not perceive haptic patterns

accurately.

The system initiates the VE when both the physical VR system and the participant are

ready. The experiment consists of two phases:

∙ First phase. The user is deployed in the virtual scenario. They appear in a random

area of the train station providing that the whole scenario is visible from there. Users

are then asked to explore the post-explosion scenario freely and interact with virtual

elements such as other avatars or injured people. This phase takes around two or three

minutes aiming users can explore the scenario completely. This phase has a two-fold

objective:

– Participants become accustomed to the virtual scenario and the elements of the

VR system that they handle throughout the experience.

– Participants perceive several haptic stimuli due to contacts with other avatars or

elements, as well as the influence of other phenomena in the scenario such as the

fire.

∙ Second phase. The system activates the fire as a late consequence of the blast. The fire

appears at the end side of the train station, near to the stairs of the central platform.

Users are asked for approaching to that area in order to perceive thermal stimuli. In

this manner, users might perceive variations according to the distance, but always

maintaining the temperature within limits delimited by pain thresholds. This phase

takes around four or five minutes so that users have enough time to interact with the

thermal focus.

The temperature of the vest evenly increases throughout the experience according to

the velocity of the user’s movement and stress coming from a distressing scenario. If the

first phase would last more than four or five minutes, the haptic vest might increase the
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temperature up to 45 oC. Thereby, the second phase would be pointless since the fire does

not affect participants because the thermal actuation system has already reached the upper

threshold.

Every participant repeated the experiment twice: Haptic (H), and Non-Haptic (NH)

condition. The phases are always the same, but the haptic vest is disconnected in the NH

condition, even though participants wear the vest as well. In this manner, participants assess

the differences more easily between using the VR system with and without the haptic vest

since the equipment is equal in both conditions.

Questionnaire

Participants had to fill out a questionnaire after finalising the experiment. The questions

deal with diverse aspects of the VE and the subjective perception of users throughout the

experience. The questionnaire has three primary objectives:

∙ To classify participants into three categories stated before (HE, TE, and NE). The first

part of the questionnaire consists of three questions regarding the previous knowledge

of participants about haptics or VR.

∙ To analyse how a haptic device influences the perception of the virtual scenario. Ques-

tions assess the realism of the VR system, the immersion and the sense of presence of

participants in the VE.

∙ To assess haptic stimuli that participants perceive during the virtual experience, both

tactile and thermal. The appropriate quality of these stimuli may also improve the

realism of the VR system, besides the subjective perception that participants get in

the virtual scenario.

The questionnaire is a subjective method to assess the user’s experience. Participants can

bias the answers owing to the influence of diverse factors such as emotional engagement, the

interest in haptic or VR technology, or previous experiences with similar systems. Grouping

users, according to the previous expertise, seek to weak those biases because the ability or

the predisposition to interact with those systems change, and the analysis of responses may

be more detailed and accurate.

Participants can answer some questions after conducting the NH condition, but most of

them require the completion of both conditions to respond appropriately. Thereby, partici-

pants filled out the questionnaire at the end of the experiment to compare both conditions

and to assess how haptic feedback influence on the general perception of the virtual experi-

ence.

The questionnaire has fifteen questions divided up into four blocks (see Table 5.11). Each

block contains several questions to assess the three primary objectives of the survey.
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The first block comprehends three questions to classify participants into one of the pre-

viously defined groups (HE, NE, and TE). These questions evaluate their previous expertise

regarding haptic and VR technology.

The second block has three questions about the realism of the system, the sense of

presence and the immersion of participants in the virtual scenario. The first question tackles

the realism of the scenario, and the technical features of visual, auditory, and haptic feedback.

The two remaining questions assess how a haptic device may improve a VR system (as

regards the realism of the system or the sense of presence), and the willingness of participants

to employ the haptic device.

The third block contains questions to evaluate the vibrotactile feedback. The first ques-

tion reveals whether participants perceive tactile stimuli when the controlled avatar interacts

with other avatars or elements in the scenario. If so, the next question allows participants

relating those stimuli to events in a list, which contains options of likely incidents in the

scenario. Finally, participants assess the realism of those stimuli associated with the virtual

event that they have visualised in the scenario.

The fourth block contains the same questions than the third block but relative to thermal

feedback. The questions are similar, as well as the particular objectives of each one.

Both blocks about vibrotactile and thermal stimuli provide an overview concerning the

perception of haptic events stemming from the VE. The selected approach does not examine

the perception of particular events (e.g. the temperature when the participant approaches

the fire or the collision when the controlled avatar crashes a virtual wall). However, it

focuses on examining the general perception of haptic stimuli and their influence on the

participants’ experience.

The assessment of particular stimuli is intricate since the vest continuously render vibro-

tactile and thermal feedback during the procedure, and participants cannot remember every

single stimulus after ending the experiment. Therefore, the best option is to ask about the

general perception of crashes or collisions, and if the thermal system is capable of varying

the temperature according to particular phenomena in the virtual scenario.

There are three kinds of questions:

∙ Yes/No questions (1, 2, 3, 4, 7, 8, 11, and 12). All questions in the first block, the

second question of the second block, and the first question of the two blocks about

haptic feedback require an affirmative or negative response. The first block classifies

participants according to their previous expertise with haptic or VR technology. The

three remaining questions are conditional, and they afford to enable the following

questions of each block. Responses reveal if participants consider the haptic vest

is useful to improve the realism or the immersion and whether they have perceived

vibrotactile and thermal stimuli.

186



Table 5.11
Subjective questionnaire of Experiment 2

Block Questions

Classification of Par-
ticipants

1. Have you ever used a haptic device?

2. Have you ever used a VR device?

3. Have you ever worked with haptic or VR devices?

Contribution of Haptic
Devices to Realism or
Presence

5. How do you evaluate the realism level of your VR experience?

6. Do you think a haptic device could be useful to improve presence
and/or realism in VEs?

7. What parameter? Presence or realism?

Evaluation of Tactile
Stimuli

8. Have you perceived any tactile stimulus?

9. Could you associate those stimuli with events that happened in
the VE?

10. What event do you associate with the tactile stimuli?

11. Value the level of realism of the perceived tactile sensations.

Evaluation of Thermal
Stimuli

12. Have you perceived any thermal stimulus?

13. Could you associate those stimuli with events that happened in
the VE?

14. What event do you associate with the thermal stimuli?

15. Value the level of realism of the perceived thermal sensations.
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Table 5.12
Scale for measuring the realism, the immersion, and the sense of presence in

Experiment 2

Score Perception

0 Not realistic, unnatural
1 Poorly credible
2 Artificial, non-immersive
3 Artificial but immersive
4 Realistic, non-immersive
5 Realistic and immersive
6 Real, some details are not immersive
7 Totally real

∙ Realism questions (5, 10, and 14). Participants respond using a numeric scale about

the realism of the virtual scenario (visual and auditory stimuli), or the realism of the

stimuli perceived through the haptic vest (haptic stimuli).

∙ List questions (9 and 13). Participants select responses from a list which contains

options of probable events during the experimental procedure. The objective is to

ascertain whether participants associate haptic stimuli (either vibrotactile or thermal)

with specific virtual events. Two lists contain events truly rendered by employing the

vest (e.g. closeness to the fire, stress, fatigue, or hits), and fictitious events (e.g. snow

or air conditioning) aimed to mislead participants. Fictitious events are incoherent

with the environment to detect those participants who respond haphazardly to the

questionnaire, and to avert blatant skews.

Questions about realism make use of a 7-point Likert scale [191] to evaluate the realism of

visual, tactile, and thermal stimuli. This scale consists of eight points which allow evaluating

the stimuli from non-realistic to completely real (see Table 5.12):

∙ Options 0 - 1. Both options indicate the stimuli are not realistic in the slightest.

Participants perceive the stimuli as artificial and unnatural events.

∙ Options 2 - 3. The options indicate the stimuli are similar to real events, but there

are still influential factors that cause a remarkable lack of realism. Both options differ

in the sense of presence that participants can reach with that quality of stimuli.

∙ Options 4 - 5. Participants believe the stimuli (either visual or haptic) are similar to

real events, but they do not perceive the environment with enough level of immersion.

Both options differ in the sense of presence that participants reach anew.

∙ Option 6. Participants believe that stimuli (either visual or haptic) have high realism,

being close to real stimuli they perceive in daily life. Even so, there are some details
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which reveal that stimuli are artificial events, although that does not affect the sense

of presence.

∙ Option 7. Participants did not detect differences between virtual and real stimuli, and

they might even confuse one of those stimuli with real interactions. They perceived the

visual or haptic stimuli fully realistic. This option is practically unachievable owing

to the intricacy of simulating real sensations with vibrotactile or thermal actuators.

The questionnaire draws from previous studies [177] [189] [190], including the selection of

the Likert scale to conduct the assessment. Those questionnaires commonly aim to evaluate

the realism of the VE, the sense of presence, and the immersion of users in the scenario. In

this manner, the questionnaire does not demand a validation since all those references are

already validated, and questions are suitable to assess conventional VR systems.

Questionnaires to evaluate VR systems do not usually inquire about haptic stimuli, and

some questions were drafted for this application. Nevertheless, the design of these questions

also takes those previous questionnaires as a reference, adapting the wording to ask about

tactile or thermal stimuli. In this manner, the new questions neither need a validation

procedure to serve as an assessing method of the virtual scenario and the stimuli rendered

through the haptic vest.

Statistical Analysis

Statistical analyses compare the responses of the three expertise groups, after conducting

the classification according to the responses of the first block. The analyses hinge on whether

data follow a normal distribution, which is determined by employing a Shapiro-Wilk test.

In the case of a normal distribution, the analysis consists of a One-Way ANOVA test for

independent measures and, if there are significant results, a post-hoc Student t-test to

compare between expertise groups individually.

Data must fulfil the sphericity condition to conduct the ANOVA test, which is determined

by using a Mauchly’s test and, in case of significance, a Greenhouse-Geisser correction is

necessary to attain valid results.

5.2.6 Results

The first block of the questionnaire classifies participants into the three previously stated

categories. The Haptic Experts (HE) group are participants who have broad skills with hap-

tic or VR systems since they have worked before with this kind of systems. The Technology

Experts (TE) group are participants who have used before similar devices (either haptic or

VR), but they have never worked with them. The Non-Experts (NE) group are participants

who have never used neither a haptic nor a VR device.
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Table 5.13
Realism of the virtual environment in Experiment 2

Group Realism Rating (mean ± SD)

All participants 3.62 ± 1.73
HE 2.44 ± 1.88
TE 3.67 ± 1.03
NE 4.75 ± 1.16

The groups are defined after participants filled out the questionnaire, and they are as

follows:

∙ Haptic Experts (HE): they were 9 participants who responded affirmatively to all

questions in the first block. Participants ranged from 24 to 53 years old (mean ± SD

= 35.89 ± 9.64).

∙ Technology Experts (TE): they were 6 participants who responded affirmatively to

questions 1 and 2 of the first block, whereas they responded negatively to the third

question. Participants ranged from 26 to 31 years old (mean ± SD = 26.5 ± 2.95).

∙ Non-Experts (NE): they were 8 participants who responded negatively to all questions

in the first block. Participants ranged from 34 to 40 years old (mean ± SD = 37.13 ±
1.75).

The second block reports the assessment of the realism of the virtual scenario, and the

usefulness of the haptic vest to improve a VR system. Results reveal that participants

believe the vest may improve the virtual experience (see Table 5.13), although there are

dissimilarities regarding the realism ratings. There is a clear tendency since less expertise

using these systems is reflected in higher scores of realism (see Figure 5-10).

Participants deemed that the sense of presence improves when they perceive haptic

stimuli (see Table 5.14). The haptic vest stimulates an additional human sense, which might

entail the general sensations are more akin to those perceived in similar real scenarios. Some

participants of HE group do not consider the vest enhances the realism of the system since

they presumably associate that features to the technical capabilities of the VR system (i.e.

visual and auditory stimuli).

The One-Way ANOVA test reports significant differences in the perception of the VE

(see Table 5.15). The test yields a p-value under the level of significance (p-value = 0.014

< 0.05 ). A post-hoc Student t-test shows a significant difference among TE and NE groups

(p-value = 0.045 ), as well as among HE and NE groups (p-value = 0.004 ).

Two last blocks of questions assess the haptic feedback (both vibrotactile and thermal)

and its influence on the user’s experience. The question about the absolute perception was
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Figure 5-10. Ratings of the VE realism according to a Likert scale from 0 to 7.
Values appear in Table 5.13. The dashed green line corresponds to the general
mean, and the solid lines show the SD of all users: HE (Haptic Experts), TE
(Technology Experts), and NE (Non-Expert).

Table 5.14
Influence of the haptic device in the properties of the virtual environment in

Experiment 2

Group Usefulness Presence Realism

All participants (23) 100% 100% 87%
HE (9) 100% 100% 67%
TE (6) 100% 100% 100%
NE (8) 100% 100% 100%

Table 5.15
Results of the One-Way ANOVA test for comparing the evaluation of the

virtual environment between expertise groups in Experiment 2

Groups Test p-value

All ANOVA 0.014
HE-TE Student t-test > 0.05
TE-NE Student t-test 0.045
HE-NE Student t-test 0.004
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Table 5.16
Results about the vibrotactile feedback in Experiment 2

Group Perception Association to
Events

Kind of
Events

Rating (mean
± SD)

All (23) 100% 78% — 3.89 ± 1.18
HE (9) 100% 56% Collisions, wind 3.5 ± 1.07
TE (6) 100% 83% Collisions 3.8 ± 1.1
NE (8) 100% 100% Collisions 4.38 ± 1.3

Figure 5-11. Assessment of the realism of tactile stimuli according to a Likert
scale from 0 to 7. Values appear in Table 5.16. The dashed green line corre-
sponds to the general mean, and the solid lines show the SD of all users: HE
(Haptic Experts), TE (Technology Experts), and NE (Non-Expert).

affirmatively answered in the vast majority of cases (see Tables 5.16 and 5.17), even though

some participants (a 9 % of the total number of participants) in the HE group referred they

did not perceive thermal stimuli.

The percentage of participants who could associate haptic stimuli with events stemming

from the VE differs among expertise groups. TE and NE groups barely had troubles since

only one participant could not associate vibrotactile stimuli with virtual events. Neverthe-

less, the HE group report a lower capacity, and only 56 % and 44 % of participants could

associate vibrotactile and thermal stimuli with virtual events, respectively.

Participants could select those virtual events they perceived from the list, providing

that they responded affirmatively to the two first questions of third and fourth blocks. The

majority of vibrotactile events were identified as collisions, whereas thermal events were

related to the closeness to the fire. There is a large variability in the responses about thermal

feedback since some participants also linked stimuli with phenomena such as environmental
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Table 5.17
Results about the thermal feedback in Experiment 2

Group Perception Association to
Events

Kind of Events Rating (mean
± SD)

All (23) 91% 78% — 4.31 ± 1.65

HE (9) 78% 44% Closeness to fire,
temperature

3 ± 1.32

TE (6) 100% 100% Closeness to fire 4.17 ± 1.33

NE (8) 100% 100% Closeness to fire,
stress, fatigue

5.75 ± 0.89

Figure 5-12. Assessment of the realism of thermal stimuli according to a Likert
scale from 0 to 7. Values appear in Table 5.17. The dashed green line corre-
sponds to the general mean, and the solid lines show the SD of all users: HE
(Haptic Experts), TE (Technology Experts), and NE (Non-Expert).

temperature, or the stress derived from the scenario.

Participants assess both vibrotactile and thermal stimuli numerically as the last step of

the evaluation. All ratings about vibrotactile stimuli are within a range between 3 and 5

points out of 7 (see Figure 5-11). Variations are small between groups, and there only is a

moderately large difference between HE and NE groups. However, ratings of thermal stimuli

substantially differ across groups (see Figure 5-12), although all users are always capable

of identifying the closeness to the fire as the main reason to perceive thermal feedback (see

Table 5.17).

The Shapiro-Wilk test indicates data of the three groups follow a normal distribution.

The subsequent ANOVA test shows the lack of differences between groups, and all partici-

pants perceive vibrotactile stimuli evenly (see Table 5.18). Moreover, SD values are relatively

constant and small, bolstering that non-significance.
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Table 5.18
Results of the One-Way ANOVA test for comparing the evaluation of

vibrotactile and thermal feedback between expertise groups in Experiment 2

Groups Test p-value (Tactile) p-value (Thermal)

All ANOVA > 0.05 0.0005
HE-TE Student t-test > 0.05 > 0.05
TE-NE Student t-test > 0.05 0.018
HE-NE Student t-test > 0.05 0.00083

Results about thermal stimuli are also analysed using a One-Way ANOVA test (data

follow a normal distribution). The analysis generates a p-value below the level of significance,

which entails the need for conducting post-hoc t-tests to ascertain the differences accurately

(see Table 5.18). These additional analyses show differences between the NE group and

the remaining two groups again (HE - NE comparison: p-value = 0.0000833 ; TE - NE

comparison: p-value = 0.018 ), whereas there is no difference between HE and TE groups.

Finally, participants could openly provide comments about the virtual experience, the

VR system, and the haptic vest. Their remarks were mainly related to enhancements for

improving the usefulness of the haptic vest, and the most repeated comment was the necessity

of more vibrotactile stimuli to simulate a more substantial number of virtual events. They

seek to approach the experience to daily situations by rendering stimuli commonly perceived

through the sense of touch.

They also identified three drawbacks that to improve for the next versions:

∙ The complexity to associate haptic stimuli with events stemming from the virtual

scenario. Those stimuli require higher realism to ease the identification.

∙ The synchronisation between virtual events and haptic stimuli. Some participants

referred to a slight incongruence between visual and haptic stimuli that caused losses

in the sense of presence.

∙ Unequal heating in some areas of the vest. Participants stated that some areas heated

and others remained without variations when they go towards the fire. The vest

increases the temperature according to the orientation of the participant regarding

the fire (i.e. if the fire is in front of the virtual avatar, the haptic vest only activates

the frontal Peltier cells), probably leading them to misinterpret the thermal stimuli.

5.2.7 Discussion

Age ranges of the three groups are relatively different, and haptic perception differs and

gets worse with ageing [238]. However, those differences do not entail troubles to generalise

results. This experiment considers the absolute perception of haptic stimuli, and participants
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solely assess their subjective sensations while they visualise the virtual scenario. Therefore,

the almost full perception of stimuli (100 % for vibrotactile stimuli, and 78 % for thermal

stimuli) implies the results are valid regardless of participants’ ages (see Tables 5.16 and

5.17).

Vibrotactile and thermal patterns consist of simple stimuli at high intensities to avert

difficulties for an appropriate perception. The wide age range of all groups might even

bolster the generalisation of the conclusions. If results are coincident between groups, the

assessments about realism, the sense of presence, or both kinds of haptic feedback are

validated.

Participants assess the realism of the VE with a mean value of 3.62 out of 7 points by

considering the influence of all stimuli (visual, auditory, and haptic feedback). Nevertheless,

there are differences among groups (see Table 5.13). The tendency is quite clear since

participants with less expertise evaluate the system as more realistic (4.75 out of 7) than

participants with higher expertise (2.55 out of 7 for HE group, and 3.67 out of 7 for TE

group). The overall high SD (SD = 1.73) is due to the SD of HE group (SD = 1.88),

revealing that the evaluation of experts also depends on their particular experience and

their habituation to those systems.

The NE group differs from the other two groups since these participants perceive higher

realism of the VE (see Table 5.13). However, HE and TE groups are mostly similar, although

there is a slight difference of ratings that the statistical test does not endorse (due to the

high SD of the HE group).

Numeric evaluations may also explain those differences. The HE group indicated the

VE is not fully immersive, because they probably are accustomed to this kind of scenarios

and they can identify the flaws with more easiness. The TE group indicated that the VE

is realistic but not wholly immersive. Scores are higher since they have previous experience

with similar systems, but they do not usually work with them. Ultimately, the NE group

indicated the system is realistic and immersive since it was their first impression about these

systems, and they are more willing to use and enjoy them. Moreover, they are not capable

of finding flaws or issues during the experience readily, such as lacks of synchronisation,

unequal heating or low realism.

The next questions address the helpfulness of a haptic vest to enhance a virtual ex-

perience by considering if it improves the realism, the sense of presence or both aspects.

However, there is no complete agreement and responses differ depending on the expertise

group. All participants indicated that the haptic vest firmly sways on the performance of

the VR system and, more specifically, on the sense of presence that participants undergo

during the experience. However, there is more disagreement as regards the realism of the

VR system since three participants of the HE group indicated the vest does not affect it.

The realism is mostly related to technical capabilities of the system, and those participants
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deem that a haptic device does not improve the system technically, and it only serves to

enhance the subjective perception of the scenario.

All participants always perceived vibrotactile stimuli, but five of them were not able to

associate those stimuli with virtual events in the scenario (22 %). Those who identified

virtual events were also able to associate them with haptic stimuli (i.e. collisions between

the avatar and other elements in the scenario). Nevertheless, two members of the HE group

had more difficulty to identify collisions, even confounding stimuli with other events not

rendered during the whole experience (e.g. the light breeze). The wrong responses may

derive from the necessity to link the stimuli with events when filling out the questionnaire,

and those participants (9 % of the total number) did not find other more convincing option

in the list.

Ratings about the realism of vibrotactile stimuli are roughly equal in the three groups,

even though the leaning maintains since the NE group provides higher ratings than both

HE and TE groups (see Table 5.16). All participants state that stimuli are realistic but not

wholly immersive, although the evaluation is adequate because physical collisions can be

hardly simulated by employing vibrations. Nonetheless, these ratings denote that the devel-

opment of patterns is accurate, and it has room for improvement in the next experiments.

The One-Way ANOVA test determines likely significant differences among groups, al-

though there are no significant results in this case because all participants perceive vibrotac-

tile stimuli evenly (see Table 5.18). Moreover, the SD is relatively similar across the groups,

and values reveal that responses are steady in each group.

Thermal stimuli were perceived correctly by 91 % of participants (21 of 23) but, as in the

previous case, five participants were not able to associate those stimuli with events that they

visualise in the virtual scenario (see Table 5.17). All participants who underwent troubles

to perceive or associate thermal stimuli belong to the HE group, whereas members of TE

and NE groups had a success rate of 100 %.

All participants could identify thermal stimuli with the more intuitive virtual event (i.e.

the closeness to the virtual fire). Nevertheless, some participants of the HE group associated

thermal stimuli with the ambient temperature of the scenario, whereas participants of the

NE group associated the heat sensations provided by the vest with stress or fatigue feelings.

Relating thermal stimuli to ambient temperature is understandable since the vest con-

tinuously increases the temperature from the beginning of the experiment. This fact may

lead participants to believe that rise is owing to the ambient temperature instead of its

physiological condition.

Contrarily, the capability of associating thermal stimuli with stress or fatigue is fairly

outstanding, although it is an actual objective of the haptic vest. Only participants belonging

to the NE group made that relation. Those sensations might be higher in these participants

since they are not used to employ haptic devices or undergo stressful VEs. If they watch that
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option in the list, they may understand risings of temperature are due to those physiological

phenomena. Nevertheless, participants of TE and HE groups probably associate those risings

with actual events such as the fire.

There are seeming differences between groups concerning the numerical assessment of

thermal stimuli. The HE group provides ratings of 3 out of 7 points since they deem the

thermal stimuli are artificial but immersive. They know that the heat is a simulation, but

they consider it is helpful to enhance the sense of presence in the virtual scenario. The

rating of the TE group is higher because they consider the stimuli are more realistic but

not immersive enough to be completely real. The NE group indicated thermal stimuli are

almost real (5.75 out of 7 points), reporting that the stimuli help to believe that they are in

a virtual scenario. The expertise does affect in this case, but all ratings prove those thermal

stimuli are closer to reality than vibrotactile stimuli.

The statistical analysis does not yield differences between HE and TE groups owing to

their previous expertise with similar devices (see Table 5.18). These users require high-

quality stimuli to perceive the scenario realistically and enhance the sensation of being

there. However, that lack of differences is also attributable to the high values of SD since

participants of both groups provided unalike responses due to unforeseeable factors, although

they are probably related to the fact that participants know how the vest renders those

stimuli.

The lack of previous experience causes a significant difference between the NE group and

both expert groups (HE and TE). Their willingness to undergo those innovative systems and

perceive new stimuli may arouse a satisfactory perception, besides enhanced sensations when

they undergo the scenario. Ratings report that they consider the thermal feedback is realistic

and similar to ordinary stimuli, as opposed to the thoughts of both expert groups.

Thermal stimuli are generally better assessed than vibrotactile stimuli (see Figures 5-

12 and 5-11). High ratings are coherent because a heat or cold sensation is quite similar

to a real thermal stimulus, even though the vest renders those stimuli over specific body

points. Conversely, the vibrotactile system is more limited since it only generates vibrations

to simulate stimuli such as collisions with walls or other virtual avatars. Notwithstanding,

scores are appropriate and acceptable for the first version of the haptic vest integrated into

a VR system.

Scores about the realism of both the virtual scenario and the haptic feedback are always

above the medium grading (3.5 points). Those outcomes assert that the haptic vest can

enhance the realism, the immersion and the sense of presence in the VR system. However,

there are some aspects to improve for guaranteeing the optimal operation, such as the vibro-

tactile feedback, the synchronisation of multimodal stimuli and the control of temperature.

All ratings (i.e. realism of the VE, and vibrotactile and thermal stimuli) prove that

the whole VR system (visual, auditory, and haptic stimuli through the haptic vest) can
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Table 5.19
Main features of multimodal virtual environments for professional and general

users

Features General Users (GU) Professional Users (PU)

Realism of the Virtual Environment Medium High
Event Synchronization Medium High

Vest Fitting High High
Realism of Vibrotactile Stimuli High High
Realism of Thermal Stimuli Medium High

simulate stressful scenarios with medium-high qualities. Participants were able to complete

the entrusted tasks in the virtual scenarios, although some enhancements are needed to

boost the performance and to get the utmost efficiency of the VR system.

Scores and differences between experts (either HE or TE groups) and inexperienced

participants might be explained in terms of necessities to get a full immersion. Less realistic

systems are sufficient to comply with the requisites of the general public (NE group) since

their initial expectations are rather low. Nevertheless, the commercial growth and the

accessibility to these technologies (VR and haptic) may become non-experts into experts,

and their expectations might substantially improve in short times.

Therefore, the level of expertise becomes an essential factor in the design of haptic devices

according to the results. Each group has specific requirements about several aspects of the

VR system or the haptic vest. Those requirements are defined according to three levels: low,

medium, and high. Each group has one of those levels assigned hinging on the participants

need a basic, medium, or specialised functionality to reach the best possible experience.

There are five features of the VR system and the haptic vest to consider for ensuring the

best user’s experience, namely: 1) the realism of the VE, 2) the synchronisation between

multimodal events, 3) the fitting of the vest to participants’ body, 4) the quality of vibrotac-

tile stimuli, and 5) the quality of thermal stimuli. These features and the necessities appear

in Table 5.19.

All statistical analyses show significant differences between both groups of experts and

the NE group, except for the case of vibrotactile stimuli. Thereby, HE and TE groups

encompass within a new group named ’Professional Users’ (PU), whereas the NE group

renames as ’General Users’ (GU). The assignment of necessities considers those two groups

instead of the three original ones.

Regarding the realism of the VE, the PU group needs high quality about technical

aspects of the VR system to perceive it realistically. If the system is technically correct,

users fulfil the objectives dependably, improving the performance of the system. However,

the assessments of the GU group are higher, and they need only medium specifications to

be able to fulfil the objectives and complete the tasks.
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The synchronisation of multimodal events requires the same specifications in both cases:

high for the PU group, and medium for the GU group. Otherwise, visual, auditory, and

haptic stimuli would not be simultaneous, and the haptic vest can enhance neither the

realism of the VR system nor the sense of presence in the virtual scenario. Some users of

the PU group reported some lacks of congruence between stimuli, and it is then necessary to

improve the communication between the VR system and the haptic vest to fulfil the selected

specifications.

The validation showed lacks of perception over areas of the back, suggesting that both

groups require high specifications to ensure accurate perception. This preliminary exper-

iment employs two different vests (as regards the validation one), and the perception of

vibrotactile and thermal stimuli is almost full (the general success rate is 95.7 % since two

participants did not perceive thermal stimuli). Despite those reasonable rates, all users

need a high-quality fitting to accomplish a full perception not to go back to the absences of

perception during the validation.

Specifications about the quality of haptic stimuli are based on the mean values in the

questionnaire. All groups did not evaluate well enough vibrotactile stimuli and, therefore, all

users need high quality to perceive realistically haptic events involving vibrotactile actuation.

This requisite is due to collisions are simulated by employing vibration motors instead of

pressure actuators. Even so, enhancing the development of haptic patterns using those

vibrotactile actuators may improve the simulation of those collisions in ensuing versions of

the vest.

The GU group do not need high-quality thermal stimuli to perceive rendered sensations

through the haptic vest appropriately. Participants assessed thermal feedback with high

scores, indicating that stimuli convey the information accurately about both environmental

and physiological aspects. On the contrary, participants of the PU group provided divergent

views about those stimuli (some of them provided low scores indeed), and they hence need

high specifications to perceive thermal feedback realistically. Therefore, thermal patterns

also need enhancements to accomplish all users (including PU group) notice rendered stimuli

rightly by using the haptic vest.

In summary, if the design of the vest and the development of haptic patterns fulfil these

requirements depending on the target public, the haptic vest might increase the realism of

the VR system, besides the immersion and the sense of presence when users perceive similar

stressful virtual scenarios.
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Chapter 6

Integrating the Haptic Vest into

Multimodal and Stressful Virtual

Reality Scenarios

The previous chapter stated the validation of the haptic vest, proving that it can render vi-

brotactile, thermal, and impact feedback optimally and reliably. Experiment 2 evaluated its

integration into a VR system, in which participants perceived simultaneous visual, auditory

and haptic stimuli related to stressful events so as to assess the potential of the haptic vest

to further the user’s experience in virtual scenarios. Both experiments elucidated correc-

tive actions to enhance the integration and the performance, such as the vest’s fitting, the

modification of virtual colliders or the optimisation of the thermal actuation system.

This chapter states two experiments to verify whether the haptic vest (MB version)

boosts the performance in stressful VEs, and positively affects the three primary assessable

aspects of virtual experiences: the realism, the immersion, and the sense of presence. These

experiments employ a renewed virtual scenario to bolster the optimal usage of the haptic

vest, developing more intricate haptic events and increasing the user’s involvement due to

the VE is more akin to a real situation.

The experimental procedure always consists of a first quiet phase and several stressful

and unfriendly phases to foster the perception and ease the assessments about how each kind

of stimuli affect the user’s experience. Both experiments start deploying the participant in a

port terminal for exploring the scenario before a terrorist attack comes about (quiet phase).

An explosion becomes the beginning of the attack, and the participant has to carry out

diverse tasks to thwart more offensive actions and end the experiment (stressful phases).

The haptic vest (MB version) still includes vibrotactile and thermal feedback, but it

now contains two impact actuators to render stimuli derived from threatening events in

stressful phases. The vest may also render combined stimuli (vibrotactile, thermal, and
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impact feedback) to simulate complex events such as the explosion and the blast wave.

Furthermore, the new version is more robust and comfortable due to the absence of cables,

and it allows swift, accurate and congruent operation of the three actuation systems, and

the wireless communication with the VR system.

The last experiment goes one step further by including a fingertip haptic device. It lays

the foundation to create a full-body haptic device in order to enhance the interaction of

users with VR systems. This approach reports the advantages and drawbacks concerning

the individual usage of the haptic vest, verifying whether both devices affect equally to the

experience or one of them has more considerable influence.

Additionally, this chapter mightily expands the assessment of the haptic vest and its

integration into a VR system. The new questionnaire covers all aspects of the multimodal

experience (e.g. the configuration of the VE, haptic stimuli or the experimental narrative) to

fathom the influence of the vest on the perception and the performance in virtual scenarios.

Moreover, the assessment tackles objective standpoints to endorse the results and avert skews

of the subjective responses. The whole analysis reveals the user’s condition throughout the

experiment for attaining sound and accurate conclusions about the user’s experience and

the influence of the haptic vest.

The subjective perception is mainly related to the immersion and the sense of presence.

A VR system which simulates complex scenarios may boost the immersion by furthering the

empathy with other avatars, or stress and anxiety sensations. The perception of stressful

sensations may trigger more emotional immersion in the scenario, easing the interaction

with virtual environments, bolstering the involvements and aiding to fulfil the entrusted

tasks and objectives.

However, the presence can be broken down in more particular gauges. On the one hand,

the sense of embodiment denotes the body ownership regarding the controlled virtual avatar,

which may foster the perception of the scenario and allow users to carry out tasks actively

and accurately. On the other hand, the sense of agency addresses the ability of a VE to allow

the fulfilment of user’s wills. Consequently, if both the sense of embodiment and the sense

of agency are optimal, the user’s involvement enhances and the sense of presence reaches its

maximum expression.

The congruency of all kinds of feedback is also a primary aspect for developing the

immersion, and the senses of presence, embodiment and agency appropriately. Experiments

such as the Rubber Hand Illusion [270] [271] proved that users need simultaneous visual and

vibrotactile stimuli to perceive a virtual hand correctly. Otherwise, the perception of the

hand wanes, disrupting the illusion and worsening the user’s experience.

Objective assessments are the other method to evaluate the experience, and they are

based mainly on the measurement of physiological variables throughout the experiment.

Results settle the users’ condition and how virtual events and stimuli (visual, auditory, and
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haptic) affect their experience. The two most employed measurements are the HR and

the SC [198] [200], providing dependable standpoints about the influence of using haptic

devices in virtual scenarios. Each experiment in this chapter employs a method because the

configuration of the VR system does not allow the simultaneous utilisation. Nevertheless,

results are easily comparable since the scenario is identical in both cases, proving if one of

them provides better results to assess a VR system that includes haptic devices.

There are more objective parameters to evaluate the users’ condition, the immersion

or the sense of presence. Optimal attention to the VE may denote high levels of presence

because users have the sensation of being in the scenario. Furthermore, participants may

undergo autonomous physical responses when sudden events happen in the scenario if the

VE is realistic and, therefore, the realism is also vital so that users can develop the same

feelings and thoughts than in a real environment. Lastly, aftereffects may bias subjective and

objective responses if the virtual scenario negatively affects users, creating unease sensations

and hindering the completion of the experience.

In summary, this chapter presents two conclusive experiments to ascertain the perfor-

mance of the definitive haptic vest in complex and stressful virtual scenarios. The last

experiment further includes a fingertip haptic device, providing an approach of a full-body

haptic system which may boost the usage of haptic stimuli for enhancing VR systems. Both

experiments employ thorough subjective and objective evaluations to attain a complete as-

sessment of the user’s experience and the performance of the haptic vest in multimodal VR

systems.

6.1 Experiment 3: Haptic Vest for Improving the Immersion,

the Sense of Presence and the Overall Performance in

Stressful Virtual Scenarios

The updated version of the VR system and the MB haptic vest seeks to resolve the identified

troubles in the previous chapter. A new experiment is then required in order to ascertain

whether the improved vest enhances the performance of VR multimodal systems (i.e. in-

cluding visual, auditory, and haptic feedback). This experiment employs subjective and

objective measurements to verify the influence of the haptic vest, focusing on the realism of

the VE, the sense of presence and the immersion that users get in the scenario.

The VE depicts a maritime port terminal during a daily routine. The scenario is rela-

tively similar to the post-explosion situation in the preliminary experiment, but it embraces

enhancements concerning the naturalness and friendliness of virtual elements and avatars.

Moreover, there are two main improvements in the integration of the haptic vest into the VR

system: 1) a swift communication protocol (Bluetooth-MiWi) with an indiscernible latency

for the human perception system so that visual and haptic stimuli are simultaneous, and 2)
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the adjustment of avatar’s colliders to ensure an appropriate rendering of vibrotactile and

impact patterns via the haptic vest.

The extended subjective questionnaire consists of several blocks of questions, and it draws

from the questionnaire in the preliminary experiment to assess the previous expertise, the

quality of haptic feedback or the immersion and the sense of presence. However, some blocks

are utterly novel since they seek more accurate information about the user’s experience.

These blocks tackle the general configuration of the VE, the multimodality of the VR system,

the narrative, or the naturalness of virtual avatars and elements in the scenario.

The haptic feedback assessment (now including impact feedback) focuses on some scant-

ily scored aspects in the preliminary experiment: the synchronisation with visual and audi-

tory stimuli, or the exact spatial origin of stimuli in the scenario. The primary objective is

still to get realistic feedback so that users may mislead haptic stimuli with sensations in a

real environment. The block about haptic feedback assesses the influence of the haptic vest

on the new VEs and the user’s experience thoroughly.

Users assess the realism (which is in the boundary between an objective or a subjective

measure) by filling out a questionnaire, revealing if the virtual scenario is realistic enough to

accomplish the best performance for completing the tasks and fulfilling the initial objectives.

The primary objective assessment in this experiment is the HR, which provides more

reliable information about the user’s condition and how virtual events affect their experience.

However, there are more objective measures, such as the attention or autonomous physical

responses.

Users which concentrate in the scenario are capable of describing the areas and the

elements in the port terminal accurately, revealing higher levels of immersion or sense of

presence since they are comfortable and get on readily in the VE. Physical autonomous

responses are also suitable gauges to assess the user’s condition since the body may react

sharply to specific events in the virtual scenario, and the posture may change between

different phases of the experience. Finally, aftereffects may alter the experience remarkably

by worsening the perception of the VE, hampering or even hindering the completion of the

experiment.

Results of subjective and objective assessments require a comparison to set the paral-

lelisms between them. The discussion provides the disparities and likenesses between all

measures attending to the influence of haptic feedback or the habituation to the VE and

haptic stimuli. Results reveal how both the VR system and the haptic vest affect feelings,

thoughts, sensations, the physiological condition (through the analysis of HR or autonomous

responses) or the ability to concentrate in the virtual scenario and complete the tasks.

The preliminary experiment evinced a strong influence of the users’ previous expertise

with similar devices when perceiving a VR system or haptic feedback. Non-Expert users

are less swayed by technology trends, their assessments are ordinarily more honest, and
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results are more helpful to enhance the haptic vest and its integration into a conventional

VR system. Therefore, all participants in this experiment belong to the Non-Expert group

to compare results with the previous experiment and verify the evolution of the VR system.

This experiment yields the definitive evaluation of the haptic vest for stressful and unfriendly

VEs, but it also may reveal worthwhile outcomes to enhance future versions of the VR

system.

6.1.1 Materials

The haptic vest in this experiment is the MB version, whose main features are stated in

Chapter 3, Subsection 3.5.1. The MB haptic vest includes enhancements to avert troubles

identified in the validation and the preliminary experiment. In this manner, the optimised

rendering of vibrotactile, thermal, and impact stimuli allows users to perceive ideally any

haptic feedback.

This new version of the haptic vest contains two impact actuators in the front upper torso

to simulate sudden events such as shots or shrapnel due to the blast wave of an explosion.

The VE renders those events since it originally gears towards training security forces and

first responders. All stimuli aim to foster the users’ involvement and emotional engagement

in the virtual scenario by furthering both restlessness and stressful sensations.

The MB haptic vest employs a wireless communication protocol to receive the instruc-

tions stemming from the VR system. It needs cables to power neither the actuation nor

the driver systems since it includes two power banks. Wireless connections ease the free

movement of users around an ample space delimited by the trackers of the VR system, and

they avoid troubles related to breakings or disconnections during the operation of the haptic

vest.

Furthermore, the tailoring of the MB version allows an improved adjustment in the

laterals and the shoulders, averting misperceptions over the back. There still are two sizes

(M and L), and the vest contains Velcro strips on laterals and shoulders to reduce or enlarge

the size to become an S or an XL size. In this manner, users always maintain the haptic

vest optimally attached to the skin throughout the experiment.

6.1.2 Virtual Environment

The VR scenario consists of a maritime port terminal in the Piraeus Port (Athens, Greece)

owing to the collaboration with the AUGGMED project. The VE primarily gears towards

training security forces or first responders to tackle terrorist attacks or general stressful

situations. The scenario contains assailants who set down bombs at diverse locations or

spawn distressing events, such as shootings. Their objective is to cause severe consequences

in the environment, creating restlessness situations which affect virtual avatars and elements

but, first and foremost, users deployed in the VE.
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Figure 6-1. The VE is divided into four areas to ease the assessment and the
location of virtual elements.

The VR system contains enhancements owing to the assessments of the two previous ex-

periments. The virtual colliders have been adjusted to optimise the rendering of vibrotactile

patterns, in such a manner, users perceive stimuli over the adequate area of the vest. The

estimation of temperature has been modified to ensure uniform heating or cooling over the

stimulated areas. Finally, the virtual avatar includes specific colliders over the four zones

in the front torso to detect when the user gets shot so that the haptic vest renders the

corresponding impact stimuli.

The port terminal contains typical elements such as shops, passport controls, or check-in

counters. The terminal is divided into four zones to ease the subsequent assessment of results

(see Figure 6-1). Participants can move freely around the entire scenario and interact with

whichever virtual element in those zones.

Zone 1 is the departures area of the terminal, where there are check-in counters in the

lower area (see Figure 6-1), additional counters in the upper area, and rooms for the port

staff and members of security forces. Zone 2 is the entry area to the terminal, and there

are two entrance and exit doors, several shops, a restroom, and plenty of rooms for the port

staff. Zone 3 is the arrivals area of the terminal. There are more rooms for the port staff in

the right area, and the zone also contains three baggage claim belts.

Passport controls, in both zones 1 and 3, mark the boundary with zone 4. Therefore,

this zone contains parts of arrival and departures areas. There is an entrance door to the

terminal in the arrivals area, and there are shops and security controls for passengers in the

departures area.

Participants handle a member of the port security forces to patrol the terminal and

oversee the security of the four zones (see Figure 6-2). However, the interactions differ

according to the area of the terminal: zones 1 and 2 contain a massive gathering of passengers
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Figure 6-2. The left image depicts the security control after the first explosion;
people is running away, and there are injured people over the floor. The right
image depicts the same control during the shooting when the participant wields
a weapon for subduing the assailant.

and physical elements (e.g. counters or shops), and zones 3 and 4 barely contain those

elements.

A drastic event befalls in the environment when two assailants begin a terrorist attack.

One of them sacrifices himself by setting off a bomb whose effects reach participants and the

rest of the virtual avatars in the scenario. The other assailant attempts to generate a chaotic

situation afterwards, and he/she eventually attacks participants by starting a shooting or

throwing out grenades. Participants must evacuate passengers in the entire terminal after

the first bomb explodes, and they then must subdue the second assailant as soon as possible.

Participants grasp two controllers with their hands in order to carry out several actions

during the experiment. They employ the right-hand controller to move the virtual avatar

around the scenario and give instructions to evacuate passengers and civil port staff. The

left-hand controller affords to wield guns and weapons (a knife or a machine gun) so that

they can subdue the assailant when the shooting begins.

The VR system renders plenty of events by initially employing visual and auditory

stimuli. The haptic vest provides additional stimuli to accomplish a greater resemblance

of the VE to a real scenario and enhance the user’s experience. Haptic events are chiefly

related to contacts between the controlled virtual avatar and other avatars (i.e. passengers

or terrorists in the terminal), physical elements (e.g. counters, tables, security controls or

items in the shops), and the physiological condition of participants (e.g. risings of body

temperature due to the stressful situation).

The control system addresses each haptic event differently. Both vibrotactile and impact

feedback require colliders to detect if an external element (e.g. another avatar, an object or a

bullet) contacts with the controlled avatar in the virtual scenario. In those cases, the system

sends a signal to the haptic vest so that it renders the corresponding stimuli. Contrarily, the

VR system internally works out the temperature at each instant by considering the ambient

temperature in the scenario and the avatar’s condition, and it sends the information to the

haptic vest periodically so that it updates the temperature of the thermal actuation system.
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Furthermore, participants may also notice sudden events unleashed by assailants, such

as an explosion (either the immolation or a grenade thrown out by the second terrorist)

when the controlled avatar is inside the range, and the blast wave reaches them. The VR

system verifies the distance between the controlled avatar and the position of the explosion

when it happens. If the distance is lower than a prearranged value, the haptic vest renders

stimuli consisting of vibrotactile, thermal, and impact feedback.

Lastly, the sending procedure of information from the VR system to the haptic vest uses

the Bluetooth-MiWi wireless communication described in Chapter 3, Subsection 3.5.2 (see

Figure 3-27).

6.1.3 Haptic Stimuli

The haptic vest makes use of the three sorts of feedback in this experiment. This version

includes two impact actuators over the upper front torso, as well as vibrotactile and thermal

feedback as in the preliminary experiment. It also renders compound stimuli consisting of

vibrotactile, thermal, and impact feedback which users may perceive simultaneously in order

to develop complex sensations resembling real stimuli.

Rendering of all stimuli must consider the features of the scenario (e.g. colliders or com-

munication protocols), but the psychophysical parameters concerning vibrotactile, thermal,

and impact feedback play a leading role (see Chapter 4). The absolute and differential per-

ception thresholds (both vibrotactile and thermal) or the pain thresholds are essential for

creating detectable and innocuous haptic stimuli.

Vibrotactile Stimuli

Vibrotactile stimuli are quite similar to those in the preliminary experiment since partici-

pants may interact with virtual elements or avatars freely. However, there were hardships

to relate haptic stimuli to virtual events previously, and this experiment employs improved

and new patterns to prevent those troubles and enhance the performance of the haptic vest.

Collisions are the most common interaction between the virtual avatar and other elements

in the VE. The haptic vest renders those interactions employing vibrotactile patterns at

different intensities. This version includes a new pattern (regarding the two collisions in the

preliminary experiment) since the configuration of the VR system allows the virtual avatar

to sprint at two different velocities. The collision patterns are as follows:

∙ If the contact occurs while the avatar is walking (< 1 m/s), the vest renders a gen-

eralised vibrotactile stimulus at 120 Hz - 0.372 g during 250 milliseconds in the area

where the collision takes place.

∙ If the contact occurs while the avatar is running at low velocities (1 m/s < v < 2
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Figure 6-3. Haptic pattern which simulates a hand dragging over a body area.
The intensities and durations of all stimuli are similar, and the numbers indicate
the order of vibrations.

m/s), the vest renders a generalised vibrotactile stimulus at 220 Hz - 0.857 g during

250 milliseconds in the area where the collision takes place.

∙ If the contact occurs while the avatar is running at high velocities (> 2 m/s), the vest

renders a generalised vibrotactile stimulus at 320 Hz - 1.274 g during 250 milliseconds

in the area where the collision takes place.

There are more interactions in this virtual scenario. The experimenter handles two

virtual avatars during the procedure (i.e. both assailants committing the terrorist attack).

These ancillary avatars may contact with the controlled avatar deliberately and, in those

cases, the haptic vest renders vibrotactile stimulus to denote the wilful contact. If a hand

of an assailant touches the torso (front or back) of the controlled avatar, the vest renders

a stimulus beginning at the top part of the area, which descends until the bottom part to

simulate a hand dragging over the participant. All stimuli in those patterns vibrate at the

same intensity (130 Hz – 0.412 g), and they also have the same duration (300 milliseconds).

Figure 6-3 depicts the configuration of these stimuli in an upper front area, but they are

similar for the rest of the areas.

One or several explosions befall in the virtual scenario throughout the experimental
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procedure. Those phenomena may wound participant when they are at a distance lower

than a prearranged value. In those cases, the haptic vest renders vibrotactile patterns to

simulate blood and sweat sliding down the body as a result of the wound. The objective is

to hamper the completion of the experience by creating stressful and restlessness sensations

after an explosion. The intensities and durations of patterns are random, but they are within

a range 120 - 0.372 to 300 Hz - 1.216 g and 300 to 750 milliseconds, respectively, ensuring

the perception by considering vibrotactile thresholds.

The haptic vest renders these patterns at random intervals over random areas. If the

participant is injured, the system sends a signal to a random area for rendering the stimulus,

containing the vibration intensity and the duration of every single stimulus. These patterns

begin in the top part of the area, and motors vibrate following a straight line until the

bottom part. If the area belongs to the upper torso, the pattern continues to the immediate

lower area to create a more realistic sensation (e.g. if the pattern begins on ULF, it endures

on LLF). Figure 6-4 depicts a pattern beginning over an upper area, and another pattern

beginning over a lower area.

Lastly, post-explosion patterns have a two-fold objective. On the one hand, they may

report if participants are capable of relating the stimulus to the initial explosion, although

they could not relate to injuries precisely. On the other hand, those patterns may also report

if these stimuli prompt more restlessness or urgency sensations to complete tasks owing to

the discomfort after the blast.

Thermal Stimuli

The thermal actuation system is similar to that in the preliminary experiment. Participants

referred to unequal heating over some areas of the vest due to the avatar’s orientation

regarding the thermal spots. Therefore, the sending procedure from the VR system to the

haptic vest has been optimised to avert those troubles and guarantee a full perception.

The configuration of this virtual scenario exposes participants to a large number of

haptic stimuli (vibrotactile, thermal, and impact), and it further renders complex events

(e.g. explosions or a shooting between the participants and the assailant). In this manner,

the scenario may develop stress and restlessness sensations more acutely than the previous

experiment, and participants may perceive more urgency to fulfil the objectives and thwart

the attack and the ensuing severe consequences.

Hence, the stress and physical activity might be intense, and the thermal system simu-

lates the variations in temperature owing to the avatar’s condition. The equation 5.1 to work

out the temperature at each time is the same than that of Experiment 2. This scenario does

not include the virtual fire, and thermal effects are exclusively related to the physiological

condition of participants all through the experiment.

The increased intricacy of the VE, as well as the large number of stimuli coming from
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Figure 6-4. Both patterns simulate an injury over any area of the torso. The
image (a) depicts a pattern starting in an upper area of the torso, whereas the
image (b) depicts a pattern starting in a lower area.
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the scenario, may be detrimental to the user’s experience. Removing the virtual fire may

contribute to avoid overexposure to haptic stimuli, and thermal stimuli associated with the

physiological condition is enough to inspect the influence of the thermal actuation system.

Furthermore, the fire is not directly related to the tasks, and the visualisation of the fire and

the ensuing risings of temperature might entail distractions to users and worsen the final

assessment of the whole experience.

Impact Stimuli

The features of the VE afford to render impact feedback owing to sudden events related

to the terrorist attack. Participants face an armed assailant during the last phase of the

experiment. There is a shooting in which they have to defeat the terrorist before getting

killed. If the participant gets shot, the corresponding impact actuator renders a stimulus

to point out a bullet hit them. Impact stimuli are the same that those in the validation

experiment (described in Chapter 5, Section 5.1), in which success rates were full and, hence,

stimuli do not require optimisation for this specific application.

The haptic vest solely contains two impact actuators over the upper front torso. However,

colliders in the lower front torso also identify the collision of bullets and, if the avatar gets

shot in a lower area, the actuator in the area immediately above renders the stimulus. In

such a manner, there are more opportunities so that participants perceive impact stimuli,

seeking to improve their involvement during the shooting.

Compound Stimuli

The common usage of several kinds of stimuli may engender more complex haptic sensations.

If an explosion befalls in the scenario, it causes a blast wave that may reach participants

providing that they are at lower distances than the prearranged limit. That blast wave may

unleash vibrotactile, thermal, and impact stimuli.

The blast causes a vibratory wave that reaches large areas in the scenario. If participants

are within those areas, the haptic vest renders a generalised vibration over the front torso

or back depending on the orientation of the virtual avatar concerning the spatial origin

of the blast. Affected areas vibrate during 1.500 milliseconds at the maximum intensity

displayable by vibrotactile actuators (320 Hz - 1.274 g).

The blast also throws out small pieces of shrapnel which may hit participants. Both

impact actuators render three successive stimuli when the blast wave reaches participants,

always considering that they are within the scope of the explosion.

The thermal actuation system slightly raises the overall temperature of the vest after

an explosion due to the ambient temperature increases in the surroundings. Each explosion

causes a rise of 1 oC provided that participants are within the scope of the explosion. The

temperature maintains the same upper threshold (45 oC ) not to cause pain; thus, if the
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temperature due to the physiological condition is above 44 oC when a blast befalls, the rise

is lower, and the thermal actuators only reach the threshold value.

6.1.4 Assessment Procedure

All assessment methods seek a thorough examination of the users’ condition at each instant of

the experience. Both subjective and objective methods provide broad-spectrum approaches

from several standpoints, and they afford to set the influence of visual, auditory, and haptic

stimuli on the user’s experience.

Subjective Assessment

The subjective measures assess two concepts previously addressed in this dissertation: the

immersion and the sense of presence. The immersion reveals how the realism of the sys-

tem sways the perception of the virtual scenario, whereas the sense of presence reveals if

participants develop the sensation of being there. These concepts hinge on the realism, the

configuration of the VE, the sequence of events during the procedure, the controlled virtual

avatar (sense of embodiment), or the capability of conducting tasks without restrictions

(sense of agency).

The new subjective questionnaire allows the assessment of both concepts, even though

it borrows some questions from the questionnaire in the preliminary experiment or previous

studies. Each block assesses an aspect of the VR system, but focusing on the stimuli that

participants notice (visual, auditory, and haptic). The most of questions are fully new

since there were no questionnaires which tackle these three feedback modes concurrently

to evaluate the immersion and the sense of presence. Table 6.1 shows a summary and the

entire questionnaire appears in the Annex C.

The questionnaire consists of nine blocks. Each block affords to evaluate a specific aspect

of the experience or the virtual scenario. All questions employ a 7-points Likert scale except

for those of the first block, which are Yes/No questions. In the Likert scale, the 1 equate to

’strongly disagree’, and the 7 equate to ’strongly agree’. The blocks are as follows:

∙ The ’Previous Expertise’ block (block PEx) consists of four questions to assess the ac-

quaintance of participants with VR systems or haptic devices. The block also assesses

the willingness to employ these technologies, and if participants initially ponder either

VR or haptic devices are helpful to enhance the performance in VR scenarios. Partic-

ipants only respond to this block the first time that they fill out the questionnaire.

∙ The ’Attention’ block (block AT) consists of four questions, and it assesses the atten-

tion of participants to the elements in the virtual scenario. Questions focus on whether

the configuration of the VE encourages attention, and if it allows participants to de-

scribe the scenario dependably. It also seeks to figure out elements or events which
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Table 6.1
Summary of the subjective questionnaire for Experiment 3

Block Number of Questions Objective

Previous Expertise (PEx) 4 Acquiantance of
participants with VR
systems or haptic

devices

Attention (AT) 4 Attention to the
elements and events in
the virtual scenario

Configuration (CS) 4 General configuration of
the virtual environment

Interactivity (INT) 5 Interactions between the
controlled virtual avatar

and other virtual
elements

Embodiment (EMB) 4 Sense of embodiment
when participants
handle the virtual

avatar

Haptics (HAP) 13 Vibrotactile, thermal,
and impact stimuli.

Influence on the user’s
experience

Multimodality (MS) 3 Synchronisation and
congruence of visual,
auditory, and haptic

stimuli

Narrative & Emotional Presence (NEP) 11 Experimental narrative,
emotional engagement
and sense of presence
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divert the attention during the experience, and if they avoid fulfiling all objectives and

tasks.

∙ The ’Configuration’ block (block CS) consists of four questions, and it assesses whether

the configuration of the VE is appropriate to enhance the immersion and the sense

of presence. The block contains questions about the realism of movements and the

behaviour of objects and avatars in the virtual scenario. The remaining questions

attempt to ascertain if the sequence of events during the procedure is congruent and

realistic. If so, the configuration contributes to an improved subjective perception,

entailing that participants can carry out the entrusted tasks more readily.

∙ The ’Interactivity’ block (block INT) consists of five questions to assess whether par-

ticipants can interact with virtual elements and avatars effortlessly. Questions address

the capability of interacting, the quality of interactions, and the naturalness of the con-

trolled avatar, the virtual elements, and the rest of avatars. Moreover, the last question

tackles the empathy which participants feel concerning other characters. High scores

denote that the user’s experience improves since the interactions would be reliable,

and participants would consider avatars as peers.

∙ The ’Embodiment’ block (block EMB) consists of four questions to evaluate the sense

of embodiment when participants handle a virtual avatar. Initial questions ascertain

whether participants identify themselves with the visible parts of the controlled avatar.

The remaining questions tackle the spontaneity of avatar’s movements and the damage

to the awareness of being in the virtual scenario if those movements are not natural.

∙ The ’Haptics’ block (block HAP) consists of fourteen questions to assess vibrotactile,

thermal, and impact stimuli, as well as their influence on the user’s experience. Par-

ticipants only fill out this block after perceiving haptic stimuli. Responses shed light

on the influence of the haptic vest on stressful and distressing VEs.

The block contains questions to downright assess the quality and realism of haptic

feedback. There are two questions taken from the preliminary questionnaire: the asso-

ciation of haptic stimuli with virtual events, and the assessment of the synchronisation

and congruence of visual, auditory, and haptic feedback.

Nevertheless, this questionnaire goes one step further to evaluate the stimuli rendered

via the vest, and it comprises innovative questions about several topics:

– Influence of haptic stimuli on the attention of users to the scenario. For instance,

participants might increase their attention when an explosion befalls, and the

haptic vest renders haptic stimuli.
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– Influence of haptic stimuli on the sense of embodiment, ascertaining if participants

feel surrounded by realistic virtual avatars when they interact with them.

– Straight questions about whether haptic stimuli improve the VR system perfor-

mance or the perceived sense of presence. They may offer helpful information

about whether participants consider that haptic stimuli enhance their sensations

in the scenario or the full experience.

∙ The ’Multimodality’ block (MS block) consists of three questions to assess the quality

of auditory stimuli and the synchronisation and congruence of visual, auditory, and

haptic stimuli. There are no questions about haptic feedback because the previous

block already provides all the required information. Likewise, blocks AT, CS, INT,

and EMB tackle the assessment of visual stimuli, ascertaining their quality and the

influence on participants.

∙ The ’Narrative & Emotional Presence’ block (block NEP) consists of eleven questions

to evaluate the experimental narrative, the emotional engagement, and the sense of

presence. Responses denote the subjective perception of the experience through direct

and indirect evaluations, but primarily focusing on the sensation of being in the virtual

scenario.

The remaining questions of the block are related to the narrative. On the one hand,

there are questions about the sequence of events and incidents throughout the entire

procedure. On the other hand, questions assess prejudicial elements, such as the lack

of evasiveness from the real world or distractions due to the experimental narrative.

Finally, the last question assesses the fatigue that participants may undergo if the

experience stretches on more than expected.

There is a space at the end of the questionnaire so that participants may write comments

about the experiment freely. They might provide supplementary information which they

consider germane, even when it was not deemed to develop the questionnaire.

Skews are the primary trouble to attain sound conclusions from subjective assessments.

There are many parameters or features of the VR system, which may sway responses, such as

the previous expertise or the emotional engagement in the virtual scenario. Reducing those

biases to the minimum extent is essential to attain reliable results of these questionnaires.

The first block classifies participants according to their expertise with VR and haptic

devices. The original purpose is that all participants are non-experts to compare results

with the scores of Experiment 2. Those values are a reference to evaluate the changes and

improvements on the VR system (e.g. the vest’s fitting or the realism of haptic stimuli),

and the likelihood of biases if results differ to a great extent.
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The most useful method to remove skews is a comparison between subjective and ob-

jective responses. For instance, participants may rate the sense of presence positively, but

the HR response remains flat. There are biases if high or low scores of subjective responses

do not reflect on variations in objective measures (HR, autonomous physical responses or

attention).

Control questions are another measure to shrink skews in the questionnaire. These

questions may disclose contradictions in the responses or non-congruent ratings across the

blocks. There are two sorts of control questions: on the one hand, there are reformulated

questions which query the same than a previous question but using different words; on the

other hand, there are straight questions about upsurges or losses of immersion or sense of

presence, verifying if scores concur with the rest of the questionnaire.

The questionnaire draws partway from previous studies and surveys. However, there

are new questions to tackle the influence of haptic devices on the user’s experience, the

synchronisation and congruence of visual, auditory, and haptic feedback, or the narrative

of the experimental procedure. This partial newness entails the compulsion of validating

the questionnaire to know if results report helpful information about the experience or,

otherwise, the survey is pointless.

Realism of the Virtual Environment

The realism of a VE is in the boundary between an objective and a subjective parameter

as well. It depends on the graphical quality of the scenario, the quality of sound effects

or that of haptic stimuli rendered through the vest. Participants fill out a questionnaire

to assess the realism, but questions avoid personal evaluations to prevent biases. Results

are comparable with subjective responses since the immersion and the sense of presence are

closely related to realism.

The questionnaire is divided into several blocks. All questions tackle specific descriptions

about the configuration of the virtual scenario, the virtual elements or the avatars. In this

manner, participants answer about absolute facts to avert skewed responses. Questions are

assessed according to a 7-points Likert scale, in which 1 means ’strongly disagree’, and the

7 means ’strongly agree’. The whole questionnaire appears in Annex C. The description of

each block and its objectives are as follows:

∙ The ’General’ block (GR block) consists of seven questions which address the realism

of the VE focusing on the quality of visual stimuli. Participants rate the overall realism

of the system, and the remaining questions evaluate more specific aspects such as the

geometry or the lighting of elements and avatars, the naturalness of the controlled

avatar, or the graphical quality of the images.

∙ The ’Sound’ block (SR block) consists of two questions about auditory stimuli. The
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first question assesses if the sounds are similar to those perceived in a real environment,

whereas the second question assesses if the sound is atmospheric.

∙ The ’Multimodality’ block (block MR) consists of two questions about the common

perception of visual, auditory, and haptic feedback. The first question addresses the

realism derived from visual and auditory stimuli exclusively, and the second question

asks for the influence of adding haptic stimuli to the VE.

∙ The ’Avatar’ block (AR block) consists of two questions about the realism of the

controlled virtual avatar, the actions that it may carry out, and if those actions have

proper reactions in the virtual scenario.

∙ The ’Environmental Avatar’ block (EAR block) consists of four questions about the re-

alism of virtual avatars in the scenario. Questions tackle the realism of movements and

actions of those avatars, the realism of objects and inanimate elements, and the syn-

chronisation between the events triggered by participants and the reactions of virtual

avatars and elements.

∙ The ’Comparison with Reality’ block (CR block) consists of six questions which evalu-

ate the resemblance of the virtual scenario with a real environment. Questions evaluate

aspects such as the quantity of information in the scenario, or whether the field of view

is appropriate and realistic. Moreover, they address technical aspects such as the abil-

ity of the system to track dependably movements and actions of participants, the

capability of exploring the environment, the graphical quality of the scenario, or the

weight of those aspects in the participants’ experience.

This questionnaire also contains control questions to evaluate the consistency of re-

sponses, and shrink the likely skews to the minimum extent. Some questions are in the

boundary between objectiveness and subjectivity, and these control questions tip the scale

to attain a completely objective assessment.

Objective Assessments

The participant’s condition during the virtual experience requires an appropriate assessment

of diverse objective parameters. These measurements are not subject to skews since they do

not depend on the specific perception of each user. They draw from undeniable facts, and

they do not have the risk of reinterpretations which spoil the results.

Heart Rate Physiological measures are the most common technique to assess VEs ob-

jectively. Stressful, distressing or threatening events in these scenarios may trigger striking

responses which ease the study of virtual experiences. Previous studies proved excellent
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efficacy by employing the HR [209] [210], even though there are additional measurements

such as the skin conductance or the body temperature. SC devices need two electrodes over

the fingertips to detect sweating variations, but both hands hold a VR controller in this

experiment, and the measures would not be appropriate. However, smartwatches over the

wrist can measure the HR since any element of the VR system constrains that area.

HR responses show progress throughout the entire virtual experience. There are two

approaches to analyse responses: 1) the comparison of the whole response throughout the

experiment, 2) responses of each phase and changes owing to events in the scenario. All

measurements are given in Beats Per Minute (BPM) Data of each response are itemised as

follows:

∙ Global Mean (GM). It is the mean value of the HR response during the entire virtual

experience. The value serves to compare variations of the response in the three phases

of the procedure.

∙ Absolute Variation (AV). It is the variation of the HR value between the beginning and

the end of a condition. The measure reports the absolute evolution of the participant

during a specific condition, and it provides an overview of how the VR system affects

participants.

∙ Mean of the Previous Phase (MPP). It is the mean value of the HR response before

beginning the condition. This value is the reference to normalise the responses during

the three phases of the procedure since there are no stressful or distressing events

affecting participants.

∙ Mean of the ’Exploration’ phase (M-Ph1). It is the mean value of the HR response

during the first phase. It reports the influence on the user’s condition of a quiet

scenario during which there are no sudden or distressing events.

∙ Difference between the Minimal and the Maximum value in the Exploration Phase

(DMM-Ph1). Minimal and maximum values appear at any time of the phase, which

may bring clues about how virtual events affect participants and to what extent (see

Figure 6-5).

∙ Difference between the Beginning and the End value of the Exploration Phase (DBE-

Ph1). The value reveals if this particular phase increases or diminishes the stress,

the sense of presence or the immersion of participants. Virtual events may trigger

continuous risings or drops in responses of a phase, which may denote an increasing

or decreasing involvement in the experience (see Figure 6-5).

∙ Evolution after the Explosion at the Beginning of the Evacuation Phase (EE-Ph1.2).

It is the absolute value between the HR value when the explosion befalls and that
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Figure 6-5. Some parameters of the HR response are analysed to determine the
influence of the experience. DMM-Ph1 is the difference between the maximum
and the minimum value of the ’Exploration’ phase, EE-Ph1.2 is the difference
between the moment of the explosion and 10 seconds later, and DBE-Ph3 is the
difference between the beginning and the end of the ’Terrorist’ phase.

value 10 seconds later. It reveals the immediate HR response to a stressful event (see

Figure 6-5).

Remaining measures are similar to the previous ones but in the rest of the phases. Those

measures are as follows:

∙ Means of the ’Evacuation’ Phase (M-Ph2), and the ’Terrorist’ Phase (M-Ph3). Both

measures are akin to M-Ph1.

∙ Differences between minimal and maximum values in the ’Evacuation’ Phase (DMM-

Ph2), and the ’Terrorist’ Phase (DMM-Ph3). Both measures are similar to DMM-Ph1.

∙ Differences between the beginning and the end value of the ’Evacuation’ Phase (DBE-

Ph2), and the ’Terrorist’ Phase (DBE-Ph3). Both measures are similar to DBE-Ph1.

∙ Mean of the phase after finishing the condition (MFP). The measure is similar to MPP,

but it gathers values until participants take off the elements of the VR system.

∙ Evolution after events between phases of the procedure. EE-Ph0.1 shows the variation

immediately after the deployment of participants, EE-Ph2.3 shows the variation when

the shooting begins, and EE-Ph3.F corresponds to the variation after finishing the

shooting (either the participant survives or gets killed).
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Figure 6-6. Participants have to fill out the blank spaces in this map with the
elements which they can remember. They must indicate the corresponding ID
number, which appears in the survey.

Attention The attention to the virtual scenario is another objective parameter to assess,

which have been previously used to evaluate stressful VEs [272] [273]. An accurate portrayal

of the scenario (elements, rooms, etc.) may entail high levels of immersion and presence

since the VE keeps the user’s attention as in a real situation. The survey for this evaluation

appears in Annex C.

Participants fill out a survey consisting of 36 questions, and 30 of them tackle the exis-

tence of elements in the virtual scenario. Participants have to write if they have watched the

referred elements and the zone where they watched it (see Figure 6-1). Each element in the

survey has an Identification (ID) number, which participants must mark in the correspond-

ing blank space of a map, which contains distributed spaces corresponding to the elements

in the survey, to figure out if they know the accurate location (see Figure 6-6). Movable

elements or those scattered across the entire scenario do not have an ID number. The last

six questions require that participants write a thorough description of some elements in the

scenario.

The 36 questions are divided according to the intricacy of visualising and detecting the

elements. There are three difficulty levels: 1) the first level embraces prominent elements

that users can see at first sight (e.g. security controls); 2) the second level embraces smaller

elements to which participants must keep more attention to detect them (e.g. fire extinguish-

ers); 3) the third level embraces hidden elements or those which participants must attend

to them thoroughly (e.g. sockets), besides the specific description of the last six questions.
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Figure 6-7. The analysis of the synchronised video serves to determine the au-
tonomous responses physical throughout the experiment. The left image shows
the participant during the experiment, and the right image depicts the VE that
participants watch during the whole experience.

Physical Autonomous Responses Participants cannot handle wittingly physical reac-

tions to sudden events happening in the virtual scenario. The body may undergo abrupt

and autonomous responses similar to movements in real situations; thus, those responses

(strong or smooth) may entail that participants have the sensation of being in a real sce-

nario. The body posture may also be indicative of high immersion and sense of presence,

and tense postures suggest that feelings and thoughts are similar to those noticed in real

environments. Participants might also utter verbal reactions, which may be a byword for

startles or surprises when they watch specific sudden events.

Inexistent reactions (physical or verbal) or the absence of changes in the body posture

may imply that participants do not get high levels of immersion, and they do not feel like a

part of the scenario. These lacks denote that participants are merely visualising a sequence

of images, but they cannot interact with the VE readily and, hence, they are not present in

the scenario.

A video camera records participants in order to conduct the required analyses and look

for the reactions and the posture changes. The resulting videos are synchronised (see Figure

6-7) with the recording of the virtual scenario that participants experience. The analyses

focus on relating the movements of participants to the virtual events in the scenario which

trigger visual, auditory, and haptic stimuli. Reactions are solely considered if they are

sufficiently abrupt to avert likely skews in the results, dismissing responses if they are not

enough striking. Moreover, those videos show the body posture and their changes between

phases of the experiment, being also feasible to relate those changes to virtual events.

Aftereffects A stressful, distressing, and threatening scenario may bring participants to

endure detrimental effects, which are more feasible if participants are not accustomed to VR

or haptic devices. Similarly, the overexposure to fictitious and continuous visual, auditory,

and haptic stimuli might be another reason. Either way, those aftereffects may prompt

biases in the subjective and objective responses (e.g. a participant might feel anxiety owing
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to the stressful features in the scenario or dizziness due to the visual configuration of the

VE).

These phenomena are not easily detectable in most of the cases. Participants may be

reluctant to notify those feelings in the questionnaire, but it is necessary to trust their

comments if aftereffects are not blatant. The realism questionnaire contains a blank space

where participants can indicate if they endured any prejudicial effect during or after the

experiment.

Participants were advised about the possibility of suffering those effects throughout the

experimental procedure. If participants feel evident dizziness or unease, they must stop the

experiment immediately, and the procedure halts until the participant recovers its normal

condition. There are two options afterwards:

∙ If the participant recovers completely, they resume the experiment. If they notice new

aftereffects, the experiment ends definitely.

∙ If the participant does not want to continue, the experiment ends, dismissing all re-

sponses until that moment.

6.1.5 Experimental Setup

Control System

The overall control system consists of a computer to run the VR system (MSI GT72VR Intel

i7-7700HQ (graphics card nVIDIA R○GeForce GTX, 8GB GDDR5)). It sends the required

instructions to the haptic vest via a Bluetooth emitter. This computer manages the server

and the participant’s client in the VR system.

A similar secondary computer manages two additional clients. Each one is a terrorist

to which participants must face during the experience. The experimenter handles both

terrorists, and he carries out the required actions at each time to increase the stressfulness

and unfriendliness of the scenario, but always allowing participants to complete the entrusted

tasks.

The VR experimental system consists of the HMD, two controllers so that users can

move around and interact with the virtual scenario, the headphones integrated into the

HMD to hear all sounds in the scenario, and the haptic vest including vibrotactile, thermal,

and impact actuators.

Measurement of HR responses

HR responses are measured by using a smartwatch Suunto Spartan Trainer Wrist HR (Su-

unto Oy, Vantaa, Finland). The watch stores data of each condition, and it creates and sends

the resulting values to the control system so as to conduct statistical analyses and attain
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results. The objective is to analyse HR responses individually and carry out comparisons

with the rest of the objective and subjective measures.

Recording of Participants

A video camera records users during all experimental conditions. It seeks to film autonomous

physical responses since they may denote specific levels of immersion and sense of presence

in the virtual scenario. The video camera is a Sony HDR-CX700 (Sony Corporation, Tokyo,

Japan).

The resulting video is synchronised to the filming of the virtual scenario corresponding

to each condition. The software OBS Studio allows the recording of the scenario in the

background while the VR system continues operating.

The synchronised recordings (both videos of the participant and the virtual scenario) help

to set virtual events which trigger autonomous physical responses, or identify the instants

when participants change its body posture.

Participants

Participants were 27 healthy people (17 males and 10 females) ranging from 20 to 31 years

old (mean ± SD = 24.41 ± 2.99). All participants were aware of the experiment’s purposes,

and they took part voluntarily in the experiment and provided written informed consent.

The Ethics Committee of Universidad Politécnica de Madrid approved the experimental

procedure. The study complies with the Code of Ethics of the World Medical Association

(Declaration of Helsinki).

One of the participants only conducted the experiment partially (one out of three phases)

since suffered severe aftereffects in the course of the first condition due to the usage of the

VR visualisation system. In that case, data are not complete and are dismissed for the

subsequent analysis, although the information can be helpful to examine how participants

perceive stressful and threatening VEs under the influence of aftereffects.

Experimental Procedure

The utter experiment consists of three different conditions with the same tasks. Participants

were informed about the main features of the experiment before the beginning:

∙ The general experimental procedure consisting of three conditions, and the phases

of each condition. Nonetheless, they do not know the particular objectives of each

condition.

∙ The tasks to carry out in each phase and the criteria so that participants know if they

complete them fully.
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Figure 6-8. The procedure is the same in the three conditions (T1, T2, and T3),
even though the rendering of haptic feedback is completely random across the
conditions (H, H2 or NH). The events mark the beginning and the end of each
phase, in which participants must complete several tasks with various objectives
(notes) during a specific time (duration).

∙ The questionnaires to fill out after each condition. Participants do not know the

contents of the questionnaires to avoid biases in the ensuing responses.

∙ The physiological measures that the system gathers during the three conditions. Par-

ticipants wear the smartwatch to gather HR responses, and the video camera films

them to examine autonomous responses to virtual events.

Participants put on all elements of the VR system after they receive all the information

about the experimental procedure, namely: the haptic vest, the smartwatch to measure HR

responses, the HMD to visualise the VE, the headphones, and the controllers to handle the

virtual avatar in the scenario.

The procedure consists of three conditions: Haptic (H), Non-Haptic (NH), and a repe-

tition of the H condition (H2). Each participant conducts the three conditions in random

order to avert biases in the results. Thereby, they may conduct the NH condition in first,

second or third place. Furthermore, the analysis of results also considers the conditions

according to the order of realisation (T1, T2, and T3). The whole procedure is explained

next, and Figure 6-8 shows an explanatory scheme.

Participants wear the haptic vest in the three conditions in order to keep the same

experimental settings, although the VR system does not send signals to the vest in the NH
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condition. In the three conditions, participants always receive visual and auditory stimuli

stemming from the virtual scenario, the video camera films their physical reactions and

postures, and the watch measures HR responses.

The H2 condition looks into the habituation to the protracted usage of the haptic vest

and the permanent rendering of haptic stimuli. Theoretically, initial reactions of participants

may be sudden in the H condition since they neither have employed a haptic device before

nor have undergone a stressful virtual scenario. Responses should smooth in successive

repetitions owing to the habituation to those haptic stimuli. Therefore, results may report

if the second repetition (H2 condition) entails benefits to the user’s experience or participants

maintain or worsen the performance in the VR system. The two haptic conditions (H and

H2) also afford to figure out whether the virtual experience changes by using haptic feedback

or, otherwise, the experience is similar in the NH condition.

There is a time frame between conditions so that participants rest and get ready to start

the new condition, guaranteeing the absence of fatigue and attention during the subsequent

experience. These frames must be long enough to fill out the subjective and objective

questionnaires previously described.

Participants can stop the experiment anytime, either at the end of a condition or while

they undergo the virtual scenario. They can further request a longer time between conditions

if the time frame is not enough to ensure the attention and prevent fatigue. In those cases,

there are no time limits to avoid troubles during the next condition.

Participants always fill out the questionnaire about attention after the first condition,

regardless of whether it is the H or the NH condition. The attention survey then provides

an overview of how the configuration of the VE fosters the involvement of participants, and

it reports if the attention bolsters the fulfilment of objectives. Responses would be more

accurate if participants fill out this questionnaire at the end of the procedure, but results

would not report the actual influence of the attention. After three conditions, they would

know the virtual elements and areas in the scenario more reliably, but responses would not

reveal how the scenario grabs the attention.

The subjective questionnaire to assess the immersion and the sense of presence is filled

out twice (after the H and the NH condition). If the H condition is the first one, participants

fill out the second subjective questionnaire after conducting the NH condition, and vice versa.

Results reveal if the subjective perception differs when participants perceive haptic feedback

since feelings, thoughts or actions that participants carry out might remarkably change when

the VE renders an additional stimulation mode.

Lastly, participants fill in the realism questionnaire after completing the three conditions.

They have remained long times in the scenario and, hence, they may evaluate their features

more truthfully and accurately.

If the first two conditions are H and H2, participants do not fill out a questionnaire in
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the time frame between the second and the third condition. In those cases, the prearranged

pause time is five minutes in order to avert fatigue and foster attention during the next

condition.

Finally, this section states the procedure that participants follow in each one of the

three conditions. It begins when the experimenter deploys the participant in a location of

the virtual scenario. The location is random so that participants start the experience from

different places in each condition. After the deployment, participants must ensure they

visualise the scenario appropriately, and they can move around readily.

The first phase consists of exploring the scenario (the ’Exploration’ phase). Participants

have not to complete any task during this phase, and the single objective is to become

accustomed to the VE for conducting the next phases.

Participants know the tasks to carry out in the VE during the utter experiment. They

have to search for two terrorists and subdue them in the last phases of each condition. In this

manner, they may attempt to pinpoint the terrorist in the ’Exploration’ phase, thwarting

the subsequent attack. Nevertheless, they were warned that both terrorists are concealed

between the rest of virtual avatars, and a wrong decision would kill guiltless passengers, and

it would trigger a direr attack with more severe consequences.

The ’Exploration’ phase lasts among two or three minutes. After that time, a terrorist

sacrifices himself by detonating a bomb, whose blast wave always reaches the participant.

The experimenter handles the suicide assailant to ensure the controlled virtual avatar is

within the scope before setting off the bomb. Thereby, participants always watch, hear, and

perceive explosions and the blast wave through visual, auditory, and haptic feedback (in H

and H2 conditions).

The second phase (the ’Evacuation’ phase) begins when the bomb explodes. Participants

must traverse the entire virtual scenario to empty passengers who can move freely or injured

people who uphold the mobility. However, they must lose no time to save immobile injured

or deceased people since they cannot get to the exits. Participants must also attempt to

recognise the second terrorist but, if they cannot identify him before emptying the terminal,

the terrorist takes out a weapon, and he goes straightaway to the participant in order to

begin the last phase. Either way, participants should attempt to end the evacuation before

starting the shooting with the terrorist, preventing collateral damages, either to the scenario

or the remaining virtual avatars.

The experimenter also handles the second terrorist, who has erratic behaviours during the

two first phases (’Exploration’ and ’Evacuation’). The assailant disregards the instructions

given by participants to direct passengers to the exits, usually remaining still or heading to

random places in the terminal. Moreover, if the participant is not watching, the assailant

may throw out grenades to create new explosions and hinder the evacuation.

The last phase (the ’Terrorist’ phase) begins when the participant and the assailant wield
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their guns and begin to shoot. The participant must hit the terrorist only once to kill him

and fulfil the final objective, whereas the participant’s avatar can get shot up to three times

before dying and the VR system displays the end-game screen.

The ’Terrorist’ phase has a time limit of around three minutes. If participants have

not been able to subdue the terrorist after that time, the assailant grows into more violent,

shooting more frequently and accurately. In this manner, participants have thirty additional

seconds roughly to kill the terrorist (before the terrorist kills them) and accomplish the

objectives.

Statistical Analysis

Statistical tests differ for analysing the subjective questionnaire and HR responses. Those

tests also differ whether analysing the influence of haptic feedback (H-H2-NH) or the order

of realisation (T1-T2-T3).

Statistical analyses of subjective questionnaires consist of two comparisons. On the one

hand, a comparison between questionnaires after H (Hs) and NH (NHs) conditions. On the

other hand, a comparison between the first (Ts1) and the second condition (Ts2) according to

the order of realisation. All ratings are discrete data (according to the 7-points Likert scale)

and, thus, data cannot follow a normal distribution. In such a manner, both comparisons

are made by employing a Wilcoxon signed-rank test with continuity correction for repeated

measures.

Statistical analyses of HR responses are remarkably complex. Firstly, a comparison

between conditions (H-H2-NH), and an additional comparison according to the order of

realisation, dismissing the usage of the haptic vest (T1-T2-T3). Furthermore, there are

comparisons to contrast the evolution of responses by considering the conditions in which the

haptic vest renders stimuli (Hp1-Hp2-Hp3), and those in which the vest remains inoperative

(NHp1-NHp2-NHp3).

Both main comparisons (H-H2-NH and T1-T2-T3) use repeated measures since all par-

ticipants conduct the three conditions. However, comparisons by considering the usage of

the haptic vest use non-repeated measures because the order is random, and data come from

different participants in each case.

Notwithstanding, all cases need to check the normality by conducting a Shapiro-Wilk

test. It is necessary to check the sphericity condition when data follow a normal distribution

using a Mauchly’s test. If data do not meet that condition, a Greenhouse-Geisser correction

is required before performing the subsequent hypothesis tests.

Analyses for data with repeated measures hinge on whether data follow a normal distri-

bution. If the distribution is normal, the test to perform is a repeated-measures ANOVA

and, in case of significance, a post-hoc Tukey test and a Bonferroni correction. If data do

not fulfil the sphericity condition, the ANOVA test is similar, but the post-hoc test is limited
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to the Bonferroni correction. If data do not follow a normal distribution, the hypothesis is

assessed by a Friedman test and, in case of significance, a Conover post-hoc test to ascertain

differences between single conditions.

The procedure is similar for data with non-repeated measures. If data follow a normal

distribution, the required analysis is a Welch-ANOVA test and, in case of significance, a

Welch post-hoc test under the Games-Howell method. If data do not follow the normal

distribution, the tests to perform are the Kruskal-Wallis, and the Wilcox post-hoc test to

ascertain differences in case of significance.

6.1.6 Results

There are two approaches to analyse results, namely: subjective and objective standpoints.

This section states the results of the subjective and the realism questionnaire (about the

immersion and the sense of presence), and it subsequently states the results of HR responses

and the rest of objective measures (the attention to the virtual scenario, the autonomous

physical responses, and the aftereffects).

Subjective Questionnaire

There are two approaches to analyse the subjective questionnaire. On the one hand, the

section states an analysis to compare the ratings of each block and, on the other hand, an

analysis to examine ratings of individual questions.

Participants filled out the questionnaire twice: after the H condition and after the NH

condition (Hs and NHs). Therefore, there are two standpoints to examine the results:

∙ A comparison between results after the H and NH conditions, which defines the influ-

ence of the haptic vest on the subjective perception (Hs-NHs).

∙ A comparison between the first (Ts1) and the second condition (Ts2) in order of

realisation (without directly considering the usage of the haptic vest). It verifies if

successive repetitions sway the subjective perception of the experience.

The first approach assesses the disparities between general scores of the blocks. It pro-

vides information about how participants evaluate each general aspect, such as the attention,

the interactivity, or the configuration of the VE. The comparison between the H and the

NH condition does not deem the HAP block since participants cannot respond to that block

after the NHs condition.

All blocks yield similar mean values in both Hs and NHs conditions, and Table 6.2 reports

those values alongside the SD to show the main differences between blocks and conditions.

The comparison between Ts1 and Ts2 conditions shows the same behaviour as regards

the mean value of each block, and there neither are noticeable differences between blocks
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Table 6.2
Overall results of the subjective questionnaire in Experiment 3

(1) Blocks Hs-NHs Comparison

Block Mean ± SD (Hs) Mean ± SD (NHs)

Attention (AT) 5.25 ± 1.74 5.33 ± 1.68
Configuration (CS) 4.96 ± 1.43 5.06 ± 1.52
Interactivity (INT) 4.71 ± 1.27 4.56 ± 1.46
Embodiment (ES) 5.38 ± 1.49 5.3 ± 1.49
Haptics (HS) 5.23 ± 1.64 —
Multimodality (MS) 5.86 ± 1.59 5.89 ± 1.28
Narrative & Emotional Presence (NEP) 4.75 ± 1.87 4.71 ± 1.85

(2) Blocks Ts1-Ts2 Comparison

Block Mean ± SD (Ts1) Mean ± SD (Ts2)

Attention (AT) 5.12 ± 1.91 5.5 ± 1.45
Configuration (CS) 5.09 ± 1.48 4.97 ± 1.46
Interactivity (INT) 4.59 ± 1.29 4.67 ± 1.45
Embodiment (ES) 5.42 ± 1.52 5.22 ± 1.43
Haptics (HS) 5.26 ± 1.55 5.2 ± 1.77
Multimodality (MS) 5.88 ± 1.45 5.9 ± 1.36
Narrative & Emotional Presence (NEP) 4.75 ± 1.84 4.69 ± 1.87

nor between conditions (see Table 6.2). Both mean and SD values are always similar and,

therefore, hypothesis testing reports significant differences between blocks neither in the

H-NH comparison nor in the Ts1-Ts2 comparison.

The second approach scrutinises differences between individual questions. Even though

there are no differences between blocks, there may be disparities in specific questions. If so,

those differences may go unseen because the remaining questions yield similar ratings, and

they balance out the general score. Figure 6-9 shows ratings of significant results and Table

6.3 reports the significant statistical results. Scores of all individual questions according to

blocks and an extension of ensuing comparisons appear in Annex D.

The first analysis tackles the Hs-NHs comparison, in which the block AT reports dispar-

ities in questions AT1, AT3, and AT4 (see Figure D-1). The rating of the question AT1 is

higher in the NH condition, whereas ratings of questions AT3 and AT4 are higher in the H

condition. However, statistical results (see Table 6.3) only report significant differences in

AT3 (concerning distractions outer to the VE) (see Figure 6-9).

There also are disparities in the block CS (see Figure D-2) and, more explicitly, in

questions CS1 and CS4 (see Figure 6-9). The statistical test endorses both surmises since

it yields two significant differences (see Table 6.3). Ratings are lower in the NHs condition

in both cases, which suggest an enhanced perception of the naturalness and the realism of
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Table 6.3
Significant differences after statistical tests in questions of the subjective

survey in Experiment 3

(1) Significant differences in Hs-NHs comparison

Question Statistic (F) p-value

AT3 3.55 0.0081
CS1 18.35 0.0163
CS4 14.3 0.0486
INT5 18 0.0373
NEP2 6.8 0.0189
NEP5 9.5 0.0437

(2) Significant sifferences in Ts1-Ts2 comparison

Question Statistic (F) p-value

AT4 1.85 0.0002
CS1 6.05 0.0174
CS2 11.55 0.013
EMB2 9.4 0.043
NEP6 3.8 0.0302
NEP7 9.5 0.04

Figure 6-9. Significant differences in individual questions of all blocks for both
comparisons (Hs-NHs and Ts1-Ts2). Results show the mean values and the SD
for each question.
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Figure 6-10. Results of the HAP block do not differ significantly among Ts1 and
Ts2 conditions. Some questions yield low values, but they are usually above 4
points out of 7, denoting the appropriate quality of haptic feedback.

the VE when participants perceive haptic feedback.

The block INT shows three disparities in ratings (questions INT2, INT4, and INT5),

which are always higher in the Hs condition (see Figure D-3), but the statistical test solely

yields a significant difference in the question INT5 (see Figure 6-9 and Table 6.3). This

result points out the subjective perception enhances whether participants perceive haptic

stimuli when they interact with other virtual avatars, and those characters react accordingly

to that interaction.

The block NEP reports evident disparities in questions, such as NEP2, NEP4 or NEP5

(see Figure D-4), in which ratings are lower in the NHs condition. In this case, statistical

results show significant differences in questions NEP2 and NEP5 (see Figure 6-9 and Table

6.3). Results denote that participants are more emotionally engaged and present in the

scenario when they perceive haptic feedback, fostering their ability to escape from reality

and focus on the virtual scenario.

The block HAP shows scores above 4 points in all questions, except for HAP4 (see

Figure 6-10). There are no evident disparities between questions, reporting the high quality

of haptic stimuli and the benefits that the haptic vest provides to the user’s experience.

Even so, there are lower ratings (HAP3, HAP4, HAP11 or HAP12) which do not coincide

with the general score of the block.

The two remaining blocks (both block MS and block EMB) do not show remarkable

variations. There are some minor disparities in ratings between Hs and NHs conditions, such

as the questions EMB1 or MS3 (see Figure D-6 and Figure D-7). Nevertheless, statistical
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results reveal the absence of significant differences, which may be due to the high SD values

of results.

The second approach to analyse specific questions compares between Ts1 and Ts2 con-

ditions (i.e. according to the order of realisation). The block AT reports a single disparity

in the question AT4 (the rating is higher in the T2 condition), endorsed by the statistical

test since it yields a significant difference (see Figure 6-9 and Table 6.3). This result denotes

that participants can describe better the virtual scenario after extended stays.

The block CS shows disparities in questions CS1 and CS2 (see Figure 6-9), and the sta-

tistical analysis bolsters those differences (see Table 6.3). Ratings are higher in the condition

Ts2, revealing that participants become accustomed to the VE in the following conditions.

The naturalness of movements and elements gradually increases, and participants notice

lower losses of presence owing to erratic behaviours in the scenario.

The block EMB does not show evident disparities in any rating (see Figure D-7). Nev-

ertheless, the statistical analysis reports a significant difference in the question EMB2 (see

Figure 6-9 and Table 6.3), whose rating is lower in the condition Ts2. Participants are less

comfortable when they get used to the VE, and they interact more consciously with the

visible parts of the controlled avatar.

The block HAP shows evident disparities in six questions (HAP1, HAP2, HAP4, HAP6,

HAP8, HAP11 and HAP12), and ratings are lower in the Ts2 condition in questions HAP4,

HAP6, and HAP8 (see Figure 6-10). However, the statistical test does not yield any differ-

ence. The role of the SD seems fundamental since all values are considerably high, cancelling

disparities between mean values. In this manner, results reveal that the perception of haptic

feedback does not hinge on the order of realisation.

Participants only perceived two vibrotactile patterns: passive contacts (i.e. with walls

or avatars) and post-explosion patterns. They always confuse wilful contacts with blows or

interactions with other elements in the virtual environment, but all participants perceived

passive/wilful contacts throughout the whole experiment. 18 participants (70 %) identified

the post-explosion patterns, even though only 8 (31 %) associate that stimulus with a

phenomenon derived from the previous explosions. Additionally, all participants identified

some impact pattern during the experiment, and they further could relate them to the

shooting or the shrapnel when they were near an explosion.

There are three remarkable disparities in the block NEP (see NEP2, NEP6, and NEP7

in Figure D-4). The statistical test solely reveals significant differences in questions NEP6

and NEP7, whose ratings are higher in the Ts2 condition (see Table 6.3 and Figure 6-9).

Participants improve the sensation of escaping from the real world (question NEP6) and

their ability to explore the scenario (question NEP7) in the second condition.

Blocks MS and INT show a slight disparity in the question MS3 (see Figures D-6 and D-

3), but it is not enough to be statistically significant. The multimodality and the interactivity
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Figure 6-11. The three images depict HR responses of the same participants
in the three conditions. They reveal an upward trend since the beginning until
the end of the experiment, denoting that participants increase their involvement
due to the configuration of the VR system and the influence of the haptic vest.

do not differ between Ts1 and Ts2 conditions. Participants consider those aspects remain

constant despite the successive repetitions of the virtual experience.

Heart Rate Responses

There are four different approaches to examine HR responses according to the usage of

haptic feedback or the order of realisation. Each approach scrutinises the general response

throughout the procedure and parameters in Section 6.1.4, which are normalised by taking

the HR response as a reference in the previous phase (MPP). Figure 6-11 shows common

HR responses during the experiment.

The first approach compares H, H2, and NH conditions, seeking to ascertain the influence

of haptic feedback on the user’s experience, without considering the order of conditions.

The global parameters (GM and AV) serve as a gauge of the user’s condition, but they

remain steady in the three conditions (see Table 6.4). The mean value of some phases

reveal differences (see Figure 6-12), which seemingly balance out and the overall condition

of participants does not change throughout the experience. Furthermore, MPP is neither

considered because it is the baseline to normalise and analyse the remaining parameters.

There are significant differences in diverse phases and parameters. However, figures

about evolution of HR responses during phases (DMM and DBE) and after events (EE-Ph)
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Table 6.4
Results of HR responses in Experiment 3 - Global Mean, Absolute Variation,

and Mean of the Previous Phase (BPM)

(1) H-H2-NH comparison

Parameter Mean ± SD
(H)

Mean ± SD
(H2)

Mean ± SD
(NH)

Global Mean (GM) 84.28 ± 20.18 82.16 ± 14.2 83.59 ± 17.54
Absolute Variation (AV) 17.7 ± 19.78 13.9 ± 16.22 9.99 ± 15.36
Mean Previous Phase (MPP) 77.06 ± 13.39 75.86 ± 12.85 83.58 ± 15.04

(2) T1-T2-T3 comparison

Parameter Mean ± SD
(T1)

Mean ± SD
(T2)

Mean ± SD
(T3)

Global Mean (GM) 88.68 ± 23.57 79.22 ± 11.88 81.99 ± 13.54
Absolute Variation (AV) 14.63 ± 17.65 13.52 ± 19.26 12.6 ± 14.48
Mean Previous Phase (MPP) 81.06 ± 17.48 77.64 ± 14.66 78.22 ± 12.2

(3) Hp1-Hp2-Hp3 comparison

Parameter Mean ± SD
(Hp1)

Mean ± SD
(Hp2)

Mean ± SD
(Hp3)

Global Mean (GM) 86.78 ± 22.58 80.26 ± 14.5 83.66 ± 14.67
Absolute Variation (AV) 16.39 ± 17.63 17.79 ± 21.19 12.47 ± 15.9
Mean Previous Phase (MPP) 79.02 ± 16.15 74.49 ± 10.81 77.12 ± 14.25

(4) NHp1-NHp2-NHp3 comparison

Parameter Mean ± SD
(NHp1)

Mean ± SD
(NHp2)

Mean ± SD
(NHp3)

Global Mean (GM) 85.81 ± 24.39 85.17 ± 9.97 78.95 ± 12.61
Absolute Variation (AV) 12.05 ± 19.05 5.53 ± 11.95 11.61 ± 13.51
Mean Previous Phase (MPP) 81.96 ± 19.45 86.36 ± 19.42 78.79 ± 7.36
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Figure 6-12. Mean values of the normalised HR response in each phase of
the experiment and each condition. The values are normalised using the HR
response as a reference in the previous phase (MPP). The left image shows the
variations depending on conditions when the haptic feedback is active, and the
right image shows the variations according to the order of realisation.

appear in Annex D (Figures D-8 to D-10) in the interest of writing clarity. Figure 6-12

reports the normalised mean values for each condition and Table 6.5 shows the numerical

results of all significant differences. This organisation is similar in the rest of comparisons.

The mean value of the first phase (M-Ph1) is remarkably unalike between the three

conditions. Disparities come out when comparing both haptic conditions (H and H2), and

the NH condition. The HR response is always lower in the NH condition, and values maintain

rather steady in both H and H2 conditions (see Figure 6-12).

Participants undergo the ’Evacuation’ phase differently hinging on the condition, and

HR responses yield remarkable disparities in two parameters: DMM-Ph2 and DBE-Ph2

(see Table 6.5). The mean value of DMM-Ph2 is higher in the H condition, whereas values

are similar in H2 and NH conditions (see Figure D-8), and the statistical tests denote two

significant differences (H-H2 and H-NH comparisons). Furthermore, the mean value of

DBE-Ph2 is also high in the H condition, and it drops gradually in H2 and NH conditions

(see Figure D-9) although, in this case, the significant difference only appears in the H-NH

comparison.

There also are disparities in the mean values of the ’Terrorist’ phase. The value of DBE-

Ph3 in the NH condition is substantially high than values in H and H2 conditions, although

there is a minor drop in H2 regarding the H condition (see Table 6.5 and Figure D-9). There

is a single significant result in the H2-NH comparison. Another remarkable disparity appears

at the beginning of the shooting (EE-Ph2.3) since the HR response is more forceful in the

236



T
a
b
le
6
.5

R
e
su
lt
s
o
f
H
R
re
sp
o
n
se
s
in

E
x
p
e
ri
m
e
n
t
3
-
S
ig
n
ifi
c
a
n
t
re
su
lt
s
o
f
D
M
M
,
D
B
E
a
n
d
E
E
-P
h
p
a
ra
m
e
te
rs

(1
)
H
-H

2
-N

H
C
o
m
pa
ri
so
n

P
a
ra
m
e
te
r

M
e
a
n

±
S
D
(H

)
M
e
a
n

±
S
D
(H

2
)

M
e
a
n

±
S
D
(N

H
)

D
M
M
-P
h
2

0.
34
4
±
0.
10
5

0.
29
6
±
0.
18
1

0.
26

±
0.
08
4

D
B
E
-P
h
2

0.
16
3
±
0.
12
6

0.
11

±
0.
19

0.
01
9
±
0.
14
6

D
B
E
-P
h
3

0.
07

±
0.
13
1

0.
02
3
±
0.
13
2

0.
12
2
±
0.
14
8

E
E
-P
h
2
.3

0.
03
7
±
0.
14
8

-0
.0
08

±
0.
09
6

0.
12
2
±
0.
14
8

E
E
-P
h
3
.F

0.
03
4
±
0.
10
9

0.
06
3
±
0.
18
9

0.
01
4
±
0.
09

(2
)
T
1
-T
2
-T
3
C
o
m
pa
ri
so
n

P
a
ra
m
e
te
r

M
e
a
n

±
S
D
(T
1
)

M
e
a
n

±
S
D
(T
2
)

M
e
a
n

±
S
D
(T
3
)

D
M
M
-P
h
3

0.
26

±
0.
18
6

0.
20
3
±
0.
11

0.
15
8
±
0.
08
8

D
B
E
-P
h
3

0.
13
8
±
0.
16

0.
05
4
±
0.
11
5

0.
03
4
±
0.
10
1

E
E
-P
h
2
.3

0.
06
9
±
0.
14

-0
.0
03

±
0.
05
9

0.
02
6
±
0.
07
7

(3
)
H
p
1
-H

p
2
-H

p
3
C
o
m
pa
ri
so
n

P
a
ra
m
e
te
r

M
e
a
n

±
S
D
(H

p
1
)

M
e
a
n

±
S
D
(H

p
2
)

M
e
a
n

±
S
D
(H

p
3
)

D
M
M
-P
h
3

0.
27
9
±
0.
20
4

0.
22
2
±
0.
10
7

0.
16
9
±
0.
09
9

E
E
-P
h
2
.3

0.
04
6
±
0.
19
1

-0
.0
08

±
0.
06
3

0.
03
3
±
0.
08
3

(4
)
N
H
p
1
-N

H
p
2
-N

H
p
3
C
o
m
pa
ri
so
n

P
a
ra
m
e
te
r

M
e
a
n

±
S
D
(N

H
p
1
)

M
e
a
n

±
S
D
(N

H
p
2
)

M
e
a
n

±
S
D
(N

H
p
3
)

D
M
M
-P
h
3

0.
24
7
±
0.
17
1

0.
16
6
±
0.
12
2

0.
13
7
±
0.
06
6

D
B
E
-P
h
3

0.
18
7
±
0.
09
5

0.
06
7
±
0.
12
2

0.
02
9
±
0.
11

E
E
-P
h
2
.3

0.
07
1
±
0.
08
5

0.
03
1
±
0.
05
2

0.
00
4
±
0.
06
5

237



NH condition (see Table 6.5 and Figure D-10), and there is a significant difference in the

H2-NH comparison anew.

Finally, there is a significant difference at the end of the shooting (EE-Ph3.F). Values

are lower in the NH condition than in both haptic conditions (H and H2) (see Table 6.5

and Figure D-10), although the only difference appears in the H2-NH comparison since the

difference of mean values is quite higher.

The next approach examines disparities between successive conditions (T1, T2, and T3).

In this case, the GM of the HR response descends when participants conduct successive con-

ditions (the mean value is higher in the T1 condition, and it drops in T2 and T3 conditions)

(see Table 6.4). On the contrary, both AV and MPP do not differ according to the order of

realisation.

The HR response also shows changes during the ’Exploration’ phase (see Figure 6-13).

The mean of this phase (M-Ph1) drops in T2 and T3 conditions, and it follows the same

leaning than the GM. In this case, statistical tests report two significant results in T1-T2

and T1-T3 comparisons (see Table 6.6).

Values of the ’Evacuation’ phase (M-Ph2) maintain the same behaviour, and it is higher

in the T1 condition concerning T2 and T3 conditions. However, the disparity between mean

values is less noticeable (see Figure 6-13), and a sole significant difference shows up in the

T1-T2 comparison (see Table 6.6).

The ’Terrorist’ phase shows noticeable disparities, and all parameters vastly differ be-

tween the three conditions, although statistical tests yield significant differences without a

clear tendency. Mean values of this phase (M-Ph3) report disparities between the T1 con-

dition and the other two conditions (see Figure 6-13), but a significant result solely comes

out in the T1-T2 comparison (see Table 6.6).

Both DMM-Ph3 and DBE-Ph3 show a downward trend when participants conduct suc-

cessive conditions (see Table 6.5 and Figures D-11 and D-12). In both cases, statistical

analyses reveal a significant difference between T1 and T3 conditions since disparities be-

tween values are more evident (see Table 6.6). The last difference comes out when the

shooting begins (EE-Ph2.3) because values of the three conditions are rather different (see

Figure D-13), even though the statistical test yields two significant results in T1-T2 and

T1-T3 comparisons (see Table 6.6).

The succeeding approach seeks to ascertain disparities between results when participants

perceive haptic feedback during the first (Hp1), the second (Hp2) or the third condition

(Hp3) according to the order of realisation. The number of participants is not equal in this

case since the order of conditions is random.

This approach only yields significant differences in three parameters of HR responses (see

Table 6.5 and Figures 6-13 to D-13). There are two disparities in values of the ’Terrorist’

phase (DMM-Ph3 and EE-Ph2.3) (see Figures D-11 and D-13). The mean value of DMM-
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Figure 6-13. Mean values of the normalised HR response in each phase of
the experiment and each condition. The values are normalised using the HR
response as a reference in the previous phase (MPP). The left image shows the
variations according to the order of realisation with haptic feedback, and the
right image shows the variations according to the order of realisation without
haptic feedback.

Ph3 is higher in the Hp1 condition, and it drops progressively between the two following

conditions. Statistical analyses report significant differences in both Hp1-Hp2 and Hp2-

Hp3 comparisons (see Table 6.6). The same phenomenon occurs as regards EE-Ph2.3 since

the value is higher in the Hp1 condition, and it descends drastically in the two ensuing

conditions. Statistical tests bolster those disparities, and two significant differences appear

in Hp1-Hp2 and Hp1-Hp3 comparisons (see Table 6.6).

The last approach assesses the NH condition according to participants conduct it in

first (NHp1), second (NHp2) or third place (NHp3). Results afford to figure out whether

participants evolve equally in the VE by using or not using haptic feedback.

HR responses are rather similar, and there are only three parameters with significant

differences. Those parameters belong exclusively to the ’Terrorist’ phase: DMM-Ph3, DBE-

Ph3, and EE-Ph2.3 (see Table 6.5 and Figures D-11, D-12 and D-13). Values of DMM-Ph3

drop progressively from the first (NHp1) to the last condition (NHp3) and statistical results

show significant differences in both NHp1-NHp3 and NHp2-NHp3 comparisons. That down-

ward trend is similar in DBE-Ph3, but the statistical test solely reports a single significant

difference between NHp1 and NHp3 conditions (see Table 6.6).

There is also an evident disparity at the beginning of the shooting (EE-Ph2.3). The value

of NHp1 condition is relatively higher than values of NHp2 and NHp3 conditions (see Figure

D-13), and the statistical test yields a significant difference in the NHp1-NHp3 comparison
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Table 6.7
Results of the attention questionnaire in Experiment 3

(1) Absolute Areas & Levels

Median (Total Number) IQR (Max & Min)

Identified Areas 30 (30) 1 (30 & 28)
Basic Level 10 (14) 2 (13 & 8)
Intermediate Level 7 (12) 2 (11 & 6)
Advanced Level 1 (4 + 6) 1 (13 & 8)

(1) Zones & Attention Map

Median (Total
Number)

IQR (Max & Min)

Correct Zones 6 (30) 3.5 (0 & 16)
Wrong Zones 2 (30) 3 (0 & 14)
Correct Map Location 4 (26) 5.5 (0 & 18)
Wrong Map Location 4 (26) 4 (0 & 23)

(see Table 6.6).

Attention Questionnaire

The attention questionnaire provides information about the configuration of the virtual sce-

nario and how it aids participants to keep their attention and concentration. The assessment

after the first condition offers a reliable overview of how the experience grabs the attention.

Otherwise, participants would be more accustomed to the VE, and their responses would not

be utterly relevant since they would have had more time to examine the scenario thoroughly.

The 30 first questions refer to elements or areas which participants may identify in the

scenario. 67 % of participants identified all those elements, whereas the remaining 33 %

solely failed one or two elements. The median value reports that accuracy and the IQR is

minimum (see Table 6.7).

Identifying an element of any difficulty level does not entail that participants could

pinpoint it in the virtual scenario. There are 30 elements, but the median of adequately

identified and located elements is 6 (participants wrote the correct zone in the questionnaire),

even though the number oscillates between zero and nine (see Table 6.7).

However, there are disparities between difficulty levels. The basic level of attention com-

prises fourteen elements, and the median of correct elements is ten. There is a definite drop

in the number of identified and located elements in the intermediate level, and participants

only discerned seven elements (the values fluctuate between six and eleven). In both cases,

IQR values are higher owing to the variability of the responses.

The advanced level comprises four elements and six descriptive questions. Participants
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only provided one correct response (i.e. the median), revealing more exceptional hardships

to identify, locate and describe those elements. The IQR is low since most of the participants

failed the majority of questions (see Table 6.7).

Finally, the filled blank spaces in the map report if participants can locate elements in

the virtual scenario accurately. They pinpointed four elements properly (i.e. the median of

correct IDs in the map), although values are highly changeable according to the IQR value

(see Table 6.7). Some participants provided up to thirteen correct responses, whereas others

could not pinpoint any element in the map.

The wrong responses deserve special attention since a high total value would reveal that

participants assign the zones haphazardly, even when they are aware that those elements are

not there. High ratios between correct and wrong responses could denote that participants

attend to the scenario thoroughly. In this case, the median of wrong responses is two,

although some participants pinpointed up to fourteen elements in erroneous zones (see Table

6.7).

The analysis is similar in the map of the scenario, which contains 26 blank spaces to

write the ID numbers. Participants provided up to 23 wrong responses, clearly denoting that

they responded randomly, aiming to fill out the maximum number of spaces. The median

is four in this case, but the IQR value is high because several participants made plenty of

mistakes. This randomness leads to remove those values in order to prevent biases in the

results and the discussion.

Realism Questionnaire

There are two approaches to assess the realism questionnaire (they are similar to those

of the subjective questionnaire): 1) each thematic block separately, and 2) all questions

individually.

Mean values of all blocks are within the range of 4.6 and 6.2 points out of 7, according

to the Likert scale. Figure 6-14 depicts the mean and the SD of every block. The best-rated

blocks are those related to the sound (block SR), and the comparison of the virtual scenario

to a real situation (block CR). Contrarily, the worst-rated blocks are related to the evaluation

of the multimodality (block MR) and that of virtual avatars with which participants interact

throughout the experience (block EAR).

The block GR reports ratings around 5.5 points in most of the questions. Participants

deem those visible parts of the controlled virtual avatar could be more realistic (question

GR4), as well as the graphical quality must improve to reach the utmost realism for this

particular VR scenario (question GR5) (see Figure 6-14). However, they provided high

ratings about the lighting of the environment or the geometric proportions of elements

(questions GR2 and GR3 in Figure 6-14).

The block SR reports even higher scores since participants assess both questions beyond
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Figure 6-14. Ratings of the six blocks (mean and SD) of the realism ques-
tionnaire (General Configuration, Sound, Multimodality, Avatar, Environmental
Avatar, and Comparison with Reality).

6 points out of 7 (see Figure 6-14). They consider that sound effects are realistic and

atmospheric.

Scores of the block MR are considerably lower, and they barely exceed 4 points out

of 7 (see Figure 6-14). Participants did not provide unanimous responses since the SD

values of both questions are reasonably high. Question MR1 yields the lowest value since

participants deemed that the number of stimuli is not enough to simulate the scenario

realistically. However, the addition of haptic feedback prompts a rise in the question MR2,

entailing a coherent increase of realism since a real scenario commonly stimulates the sense

of touch.

Scores of the block AR are similar to the overall mean of the questionnaire (both values

are around 5.3 points). Participants considered that the realism of the controlled avatar is

appropriate (question AR1), as well as the reactions of the elements or virtual avatars when

the controlled character interacts with them (question AR2 in Figure 6-14).

Participants assessed the questions of the block EAR with low ratings, and scores are

around 4.8 points for questions EAR1, EAR2, and EAR4 (see Figure 6-14). These three

questions are related to actions and reactions of virtual avatars to events happening in the

scenario, and the naturalness of virtual elements. However, the question EAR3 yields a low

score, denoting an evident lack of realism when the non-controlled avatars interact between

them in the VE.
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The block CR yields high scores in all questions since values are always beyond 6 points.

The lowest rating appears because participants do not deem that the virtual scenario pro-

vides such much information than a real environment (questions CR1 in Figure 6-14). Like-

wise, a very high rating appears when assessing whether the realism of the VE eases the

fulfilment of objectives reliably and accurately (question CR4). The remaining questions

(about the field of view, the tracking, the head movements or the graphical quality) yield

scores similar to the mean values (questions CR2, CR3, CR5, and CR6).

Physical Autonomous Responses

Physical autonomous responses (movements, verbal reactions or postural changes) are closely

related to unforeseen events throughout the experiment. There can also be postural changes

at specific moments, depending on the task that the participant is carrying out. These

changes must concur with particular events (e.g. change of phases, the end or the beginning

of the experience) or be striking enough to be considered in the analysis of results. Al-

though the movements must be evident, there is a distinction between smooth and abrupt

movements, as stated in Section 6.1.4.

The analysis of autonomous responses has a single approach to examine the recurrence

according to the perception of haptic feedback (H, H2, and NH conditions), which are mainly

related to the explosions and the shooting.

There is a minimum of three explosions in each experimental condition. On the one hand,

the first explosion which marks the end of the ’Exploration’ phase and the beginning of the

’Evacuation’ phase. On the other hand, the second assailant throws out several grenades

during the two last phases (’Evacuation’ and ’Terrorist’). Nonetheless, the final number is

changeable, and the analysis only deems the two first grenade explosions to standardise the

results.

There are no postural changes when an explosion befalls, and the analysis solely considers

movements and verbal reactions. Likewise, there are no verbal reactions during the shooting,

but postural changes do appear at the beginning of the ’Terrorist’ phase.

Table 6.8 reports the occurrence of autonomous responses after the three explosions.

There are 28 responses after the first explosion in the H condition (14 abrupt movements,

seven smooth movements, and seven verbal reactions). The number of abrupt movements

is inferior in the H2 condition, and even lower in the NH condition. However, smooth

movements increase in the H2 condition, and the number remains constant in H and NH

conditions. The appearance of verbal reactions is also different since the number is minimal

in the H2 condition, and it is higher and equal in H and NH conditions.

The two grenade explosions also trigger movements (both abrupt and smooth), and

verbal reactions, although the number is lower than after the initial explosion. Verbal

reactions are almost inexistent since there is one after the first grenade, and there is none
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Table 6.8
Recurrence of autonomous physical responses in Experiment 3

(1) First explosion (bomb)

Autonomous Response H Condition H2 Condition NH Condition

Smooth Movements 7 10 7
Abrupt Movements 14 10 8
Verbal Reactions 7 1 6
HR Drops 8 5 5
HR Risings 14 12 16

(2) Shooting

Autonomous Response H Condition H2 Condition NH Condition

Postural Adaptation 13 9 13
Verbal Reactions 4 3 2
HR Drops 5 4 2
HR Risings 14 19 21

(3) First grenade explosion

Autonomous Response H Condition H2 Condition NH Condition

Smooth Movements 3 4 2
Abrupt Movements 2 6 0
Verbal Reactions 0 1 0
HR Drops 3 3 0
HR Risings 3 5 2

(4) Second grenade explosion

Autonomous Response H Condition H2 Condition NH Condition

Smooth Movements 0 0 0
Abrupt Movements 0 1 1
Verbal Reactions 0 0 0
HR Drops 0 0 1
HR Risings 0 1 1
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after the second grenade explosion (see Table 6.8). Abrupt and smooth movements are

more persistent after the first grenade when participants perceive haptic feedback, but they

practically disappear after the last explosion in all conditions. The lack of responses may be

due to participants become accustomed to the explosions when they occur several times in

a row, or their attention focuses on completing the tasks as the experiment moves forward.

Finally, the shooting during the ’Terrorist’ phase reflects on physical reactions of par-

ticipants. There is a postural adaptation of the majority of participants at the beginning

of the phase, although it mainly happens in H and NH conditions. There also are verbal

reactions in the three conditions, but the number is barely meaningful (see Table 6.8).

Aftereffects

There is a minimum appearance of aftereffects all through the experiment. Three partici-

pants referred mild dizziness or unease after finishing the three conditions, but they did not

consider as necessary to stop. These participants simply wrote those sensations as a final

comment after completing the whole experiment.

One participant finished the experiment before completing one condition. The partic-

ipant suffered severe dizziness during the first condition, and the experiment stopped ac-

cording to the protocol. The participant resumed the experiment after the specified pause,

but dizziness appeared anew, ending the experiment. The participant filled out two objec-

tive questionnaires (attention and realism) and one subjective questionnaire, although those

responses are not comparable to those of the remaining evaluations. These results might

provide information about the perception of stressful VEs when aftereffects come out, and

if those phenomena affect the realism, the immersion or the sense of presence.

6.1.7 Discussion

This discussion analyses separately each measure, both subjective and objective results.

Furthermore, the comparisons of all subjective and objective measurements with previous

studies are certainly intricate. There are plenty of assessments of haptic devices integrated

into VR systems [145] [146] [147], but this experiment and their components (i.e. the haptic

vest and the stressful VE) are fairly particular. Hence, setting parallelisms is not easy and

may be not relevant for the conclusions.

Subjective Questionnaire

All blocks in the subjective questionnaire yield scores superior to 5 points out of 7 in the four

conditions (Hs, NHs, Ts1 and Ts2). The variations are negligible since they never exceed 0.5

points between scores (see Table 6.2). Therefore, the general subjective perception does not
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seemingly differ regardless of the condition, and high scores reveal proper levels of immersion

and sense of presence during virtual experiences.

Some blocks (INT and NEP) report low ratings, although they are still high (see Table

6.2). Both descents are coherent since the general public is not used to interact with virtual

elements or avatars in a scenario (block INT), or undergo stressful situations related to a

terrorist attack (block NEP). Users may perceive those phenomena unnaturally, and their

thoughts and feelings might differ substantially concerning what they think and feel in daily

situations.

Moreover, ratings of the block MS are around 5.9 points in the four conditions (see Table

6.2), entailing that the multimodal VR system allows users perceive the scenario as a real

situation, and denoting that subjective perception enhances owing to the high quality and

the proper synchronisation of all stimuli (visual, auditory, and haptic).

High ratings of all blocks denote that the VE prompts outstanding levels of immersion

and sense of presence. They also reveal that haptic stimuli aid users to carry out the

commended tasks efficiently and, thus, fulfil the objectives of the virtual scenario.

The general lack of differences between conditions may be due to the closeness between

repetitions. The whole experiment (i.e. the three conditions) lasted 30 minutes roughly and,

hence, users had no time to change its subjective perception of the experience. However,

there are disparities in individual questions, which report that the usage of the haptic vest

or the repetition of the experience may alter the subjective perception to a certain extent.

Some particular questions report that some features have a more substantial influence

on the experience, and they must be fostered or smoothed (depending on whether the in-

fluence is for better or worse) to enhance VR systems which include haptic devices. There

are significant differences in both comparisons, although they mostly appear in the com-

parison between the first and the second condition (Ts1-Ts2). The subsequent analyses

tackle those disparities and their consequences, and additional comments about ratings of

the questionnaire appear in Annex D.

The traditional subjective surveys do not usually comprise questions to assess the in-

fluence of haptic devices [177] [192], although they have been widely employed to evaluate

stressful virtual environments [167], providing relevant information about the user’s expe-

rience [187]. Generally, those questionnaires always yield positive ratings [164] [185], as

happens in this experiment and, therefore, it is indispensable to endorse those good evalu-

ations with objective evaluations to avoid debased results.

Comparison Hs-NHs There is a significant difference in the block AT according to the

statistical tests, but they report different tendencies (see Figure D-1). The score of question

AT3 rise in the Hs condition, revealing the attention somewhat increases when users perceive

visual, auditory, and haptic stimuli. They are seemingly more focused on their surroundings
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when the haptic vest renders stimuli, and they can further describe the virtual scenario

easily. Thereby, the haptic feedback may be a great aid to complete the tasks because the

users’ feelings are more similar to those in a real situation.

Ratings of questions CS1 and CS4 are somewhat dissimilar between conditions, and the

lowest ratings appear in the NHs condition (see Figure D-2), entailing that haptic stimuli

provide more naturalness to the virtual experience. The subjective perception improves

because the combination of three stimuli (visual, auditory, and haptic) is helpful so that

users get more immersion and presence, and deem the virtual scenario is realistic.

The question INT5 yields the only significant difference in the block INT (see Table

6.3). It tackles the responses of virtual avatars when users interact with them, hinting that

the haptic vest enhances the subjective perception of those interactions. Moreover, most

of the remaining questions also yield higher values in the Hs condition (see Figure D-3). If

the haptic vest renders stimuli, users notice contacts with virtual avatars or elements more

reliably, triggering more immersion and presence in the virtual scenario.

There are two significant differences in questions NEP2 and NEP5, and both ratings

are also higher in the Hs condition (see Figure D-4). Users deem that the experience is

more similar to reality when they perceive haptic stimuli (question NEP4). Therefore, likely

detrimental effects due to the overexposure are not strictly related to haptic feedback, and

visual and auditory stimuli may also exert that negative influence. Furthermore, users

notice more evasiveness from the real environment when the haptic vest renders stimuli

(question NEP5), enhancing the perception and the concentration in the virtual scenario,

and prompting that users develop feelings and thoughts akin to those which they ordinarily

develop in reality.

Comparison T1-T2 There is a noteworthy disparity in the question AT4, and the sta-

tistical test yields a significant difference (see Figure D-1 and Table 6.3). Users can describe

the scenario more readily in the condition Ts2 because they have become accustomed in the

first condition. They filled out the objective attention questionnaire, which may lead users

to attend more exhaustively to the scenario because they do not know if they must fill that

survey again. The remaining questions report somewhat similar high scores, implying the

configuration of the VE is adequate, and it does not divert the attention excessively.

There are disparities in questions CS1 and CS2, but scores of the remaining questions are

quite similar. Behaviours and movements in the virtual scenario are more natural during the

condition Ts2, and there are no losses of presence or immersion owing to unreal conducts (see

Figure D-2). The habituation seems a vital factor so that users perceive the virtual scenario

as a real situation, and they reach excellent levels of immersion and sense of presence when

they are already used to the VE.

Ratings of block EMB are reasonably similar, although all questions reveal a minimum
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rise in the condition Ts1. The statistical analysis solely yields a significant difference in

the question EMB2, because users deem that visible parts of the controlled avatar are more

helpful to interact with the environment in the first condition (see Figure D-7). This disparity

has a double reading, but it proves the habituation plays an essential role in the subjective

perception. All events during the condition Ts1 may overflow users and, thus, any element

is helpful to improve their experience. However, they are quieter in the condition Ts2, they

attend to the scenario more thoroughly, and they watch more flaws or defects, such as the

fictitiousness of the controlled avatar. Therefore, the sense of embodiment worsens mildly

in the condition Ts2, but scores are still high, and they do not imply a debasement in the

subjective perception of the scenario.

Ratings of block HAP are highly mutable between both conditions, but there is no clear

tendency which denotes whether the perception of haptic feedback improves or worsens in

any condition (see Figure 6-10). Scores drop in the Ts2 condition when users assess the

resemblance of haptic stimuli to real ones (HAP2 and HAP13), or the impact of haptic feed-

back to enhance the sense of embodiment (HAP11). These descents are also closely related

to the habituation since users become accustomed to the VR system after the condition Ts1,

and they readily notice flaws in the following conditions, which can turn into lower realism

of haptic stimuli.

However, users consider that thermal stimuli are more dependable in the condition Ts2

(question HAP4). Users attend more carefully to the information stemming from the VR

system, and they can perceive subtle stimuli, such as thermal feedback due to the physio-

logical condition. That calmness may also prompt that users can relate any virtual event to

haptic stimuli more easily (question HAP7).

Even so, the only significant difference appears in the question HAP6, and it is related

to the fostering of attention due to the haptic feedback. Users reach more involvement

and ability to interact with the VE when they perceive haptic stimuli, coinciding with the

increase of concentration reported by several blocks (e.g. AT or CS).

The block NEP only reports significant differences in NEP6 and NEP7, whose risings in

the second condition are associated with the calmness and habituation that users acquire

since the beginning of the experiment (see Figure D-4). In this manner, they get higher

levels of presence in the environment, and their sensations are similar to the real ones as

they conduct the following conditions.

Additional Considerations Control questions afford to detect skews in subjective re-

sponses. They tackle the same topics than other questions in the same block, but the state-

ment is reformulated, or they ask directly about the variations in immersion and presence.

Results do not yield significant differences in any control question and, therefore, users seem-

ingly answer to the questionnaire honestly, even though it is still subjective. Nonetheless,
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the objective measures are needed to compare and attain definitive and valid conclusions

for the experiment and the subjective evaluation especially.

Both comparisons (Hs-NHs and Ts1-Ts2) report high ratings in most of the responses.

The configuration of the VE and the experimental procedure affords to get high levels of

immersion and sense of presence in the scenario. However, this thesis focuses on the influence

of the haptic vest, which appears clearly in the block HAP of the Ts1-Ts2 comparison. The

perception of haptic feedback enhances the condition Ts2 when users become accustomed to

the VR system and the haptic vest. Users always assess positively vibrotactile and impact

stimuli, and thermal feedback improves when users attend more carefully to the scenario.

They also relate haptic stimuli to virtual events easily and assess the synchronisation with

visual and auditory stimuli positively. The haptic vest boosts the attention in successive

conditions, and ratings suggest that users are more comfortable in the condition Ts2 (e.g.

vibrotactile feedback increases the realism of interactions with virtual avatars).

The perception of vibrotactile stimuli is appropriate, although there are some differences

according to the particular stimulus. Participants perceive contacts during all conditions,

but they only referred to passive contacts when filling out the questionnaire, even if the

haptic vest also rendered wilful contacts. If another character touches the virtual avatar

of participants, they cannot watch the contact, and they think that have unintentionally

collided with an element. Post-explosion patterns prompt the same phenomenon: some

participants identified those stimuli, even though few of them related the pattern to the

previous blast. Therefore, the rendering of visual and auditory stimuli seems indispensable

so that participants can associate vibrotactile stimuli to specific events in a VE.

Thermal stimuli are low-intensity during this experiment, which reflects on low scores in

the questionnaire (question HAP4). 15 participants (57.7 %) could identify changes in the

temperature throughout the experiment due to the physiological condition. However, the

reasons were not clear and responses reveal that participants relate the variations equally to

the ambient temperature, and the physical activity while they evacuate the port terminal.

Finally, all participants recognised impact stimuli, relating them to shots or the shrap-

nel when a nearby explosion befalls. Those success rates coincide with the results of the

validation and endorse the proper configuration of impact actuators.

Therefore, the haptic vest is helpful to enhance the user’s experience according to the

subjective questionnaire, swelling the immersion and the sense of presence when users un-

dergo a virtual scenario. Even so, the subsequent comparison with objective measures may

endorse or rebut this surmise and attain definitive conclusions.

Heart Rate Responses

HR responses in this experiment provide significant results, which clearly show the evolution

of the user’s condition during the experiment. Other previous studies have obtained similar
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results [209] [210], especially when VEs are stressful or distressing since they prompt more

evident variations in responses [208] [216].

The next comparisons focus on the mean values of each phase and how they differ

according to the different conditions. Annex D includes additional information about the

analysed parameters of the HR response (see Figure 6-5), which are useful to comprehend the

evolution of HR responses fully. Furthermore, the discussion about comparisons Hp1-Hp2-

Hp3 and NHp1-NHp2-NHp3 also appear in the Annex D owing to the scarce significance of

results.

Comparison H-H2-NH A noticeable phenomenon appears in all HR responses and the

selected parameters (see Section 6.1.4): SD values are high since every user undergoes the

VE and react to virtual events quite differently.

The mean value of the whole HR response (GM) is similar in the three conditions (see

Table 6.4), but some parameters yield disparities due to specific events or features during the

experimental phases. Those disparities seemingly balance out throughout the experiment,

and the global value does not differ regardless of the usage of haptic feedback.

The HR response remains unchanged in the first phase (M-Ph1) of the three conditions

(see Figure 6-12), but it begins to grow when the involvement in the virtual scenario swells.

The first explosion boosts that involvement (see EE-Ph1.2 in Figure D-10), and it furthers

progressively grows until the end of the experience since the mean values of ’Evacuation’

and ’Terrorist’ phases (M-Ph2 and M-Ph3) are high. These results suggest that both the

configuration of the virtual scenario and the experimental narrative further the immersion

and the sense of presence in stressful situations.

The mean value of the ’Evacuation’ phase (M-Ph2) is somewhat superior in the H condi-

tion, and it drops in H2 and NH conditions (see Figure 6-12). Users become more flustered

and get a significant involvement when they notice haptic feedback (H and H2). There is

a descent between H and H2, which implies that users become accustomed to the usage of

the haptic vest, getting on more readily in the scenario during the H2 condition.

The same phenomenon occurs in the ’Terrorist’ phase. The mean value (M-Ph3) is

higher in the H condition, but there is solely a significant difference regarding the NH

condition (see Figure 6-12). The perception of haptic stimuli during the shooting develops

more engagement in the scenario. There is an apparent descent in the H2 condition, which

reports the positive influence of haptic stimuli when stress or nervousness diminish as a

consequence of the habituation to the VR system.

Despite the likeness of the GM in the three conditions, there are disparities between

the mean values of phases, especially in H and H2 conditions. Both the HR response and

involvement grow more strikingly when users perceive haptic stimuli. The mean value of H2

drops because the continuous usage of the vest allows quick habituation to the VR system,
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whereas the drop in the condition NH is due to users cannot get the same involvement

without the rendering of haptic stimuli. In this manner, users get on readily in the scenario

when perceiving haptic feedback, and they experience less stress and disturbing sensations

when confronting distressing virtual events.

Comparison T1-T2-T3 The mean value of the HR response (GM) differs between the

three conditions (see Table 6.4). The response is higher in the T1 condition, and it drops in

the two ensuing conditions owing to the habituation to the virtual scenario. Users are more

nervous and stressed when they do not know the VE, but they become accustomed swiftly

due to the continued usage of the VR system.

Statistical analyses report two significant differences in the mean value of the ’Explo-

ration’ phase (M-Ph1) (see Table 6-12). The value in T1 is remarkably higher than in the

other two conditions (T2 and T3) because users do not know virtual events, and endure more

startles and abrupt reactions during the first experience. Subsequently, responses drop since

those events are similar in the successive conditions, and users become accustomed progres-

sively.

The ’Evacuation’ phase has a similar behaviour. There is a significant difference in the

mean value (M-Ph2), but the remaining parameters are steady across the conditions (see

Figure 6-12). There is a blatant drop in M-Ph2 in conditions T2 and T3, although the

significance only brings about in the T1-T3 comparison. This result reasserts the previous

surmise about the stress and the nervousness in T1, and the subsequent habituation in

successive conditions. Users are more relaxed, and their reactions are less accentuated since

they are focused on completing the tasks to carry on with the experiment.

The mean value of the ’Terrorist’ phase (M-Ph3) also follows the same downward ten-

dency than the two previous phases (see Figure 6-12). There is a significant difference

between T1 and T2, even though both mean values are quite alike. The HR response pre-

serves the same behaviour in this phase because users are already habituated to the virtual

scenario and the experimental narrative in the final conditions.

There are no significant differences in the final phase (MFP) (see Figure 6-12). The

mean values drop progressively from conditions T1 to T3 (i.e. like most of the parameters),

although those variations are not meaningful. The general trend of all means hints that

virtual events reduce its influence on users when they become accustomed to the VR system

and the experimental narrative.

The mean values of all phases show the same upward trend during the experience (see

Figure 6-12), even though the most pronounced risings appear in the two stressful phases

(’Evacuation’ and ’Terrorist’). The tendency is similar in the three conditions, but the risings

slightly soften during T2 and T3 since users become accustomed to the virtual scenario

gradually, and events trigger less abrupt changes in the user’s state.
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However, those descents are more striking between conditions H and H2 (see Figure

6-12), which implies that haptic feedback is essential to habituate users to the VR system.

Hence, although the phenomenon is similar without the influence of the haptic vest, users

would need more repetitions to get the utmost performance in this stressful VE.

Attention Questionnaire

Users filled out the objective questionnaire about the attention after completing the first

condition regardless of the perception of haptic stimuli. They did not know the contents of

the questionnaires before starting the experiment to avert skews. In this manner, they do not

focus on visualising or remembering elements of the scenario during the first condition, and

they only focus on carrying out the tasks and ending the experiment. The responses to this

questionnaire then provide a truthful overview of how the configuration of the environment

keeps the attention. Some users mentioned that they had attempted to focus on specific

aspects of the VE more accurately and, thus, they had biased the responses if they had

known the existence of that survey.

Results denote close attention to the VE since participants remember most of the ele-

ments scattered in the scenario, even though they are not capable of identifying the accurate

location. Users identified 28 out of 30 elements (see Table 6.7), although 33 % of participants

did not detect one or two of them. Therefore, the configuration of the VE seems adequate

to keep the attention and the concentration of users.

There is a manifest tendency regarding the three levels of attention. Users readily iden-

tified and located elements of the basic level in the survey (the total identification rate is

about 70 %), but rates descend gradually for elements of the intermediate level (58.3 %) and

those of the advanced level (10 %). However, the IQR is relatively high in all levels since

responses differ noticeably among users, even though the leaning is still evident.

The primary purpose of this division is to verify whether responses follow that tendency

because the same phenomenon would happen in real situations. Identification rates prove

that users undergo the virtual scenario as if they were in a real environment, and they

maintain their attention on those elements more easily distinguishable (i.e. basic and in-

termediate levels). If users cannot detect all elements, it does not entail losses of attention

since a person is not usually attending to every element of their surroundings, especially if

they are focused on following the narrative or completing stressful tasks.

Users recognise the majority of elements in the scenario, but they cannot remember the

accurate location. They had hardships to specify zones where they watched elements in the

survey (20 % of correct IDs), and the detection rate is even lower when they pinpoint the

elements in the blank spaces of the map (16.4 %). Nevertheless, rates are similar across

the four zones, and the low values seem to depend on the intrinsic difficulty of the task

since users mostly keep their attention in the experimental narrative, and not memorise the
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specific location of virtual elements.

Some users assign zones or IDs haphazardly in the survey or the map since they intend

to fill out the maximum number of blank spaces, even though they were warned that the

best option was to leave the space blank if they had doubts. The survey yields a 10 % of

wrong responses, and the rate rises to 20 % in the map. Nevertheless, some users assign

wrongly up to 70 % of zones in the survey, or 90 % of IDs in the map. Those responses are

a minority, but they are removed because those assignments are wholly random, and they

could bias final results.

In summary, results prove that the configuration of the VE is adequate to maintain

the attention in the scenario and the experimental narrative. Detection rates are not full

because participants are focused primarily on following the narrative. The addition of haptic

feedback does not have a remarkable role since the vest renders stimuli related to sudden

events all through the procedure, but they are not related to objects or features in the

scenario.

Realism Questionnaire

The evaluation of the realism is associated with subjective questionnaires [167] [168], al-

though this experiment employs separated assessments owing to the objective implications

of the realism of a VR system [165]. In this case, the analysis employs the same approaches

than those in the subjective questionnaire. Users only responded to this survey once, and

the discussion only tackles ratings of blocks and individual questions.

The overall rating of the questionnaire is 5.34 points out of 7, revealing that participants

consider that the realism of the VE is adequate. However, assessments differ across the

blocks, and only two of them (blocks GR and AR) yield ratings akin to the general mean,

whereas the rest report higher or lower general scores.

The block GR yields high ratings, although there are still aspects that may improve,

such as the graphical quality or the realism of the controlled virtual avatar (questions GR4

and GR5 in Figure 6-14. Contrarily, questions relative to the geometry and the lighting of

the VR reach values beyond 6 points. This block suggests the scenario is realistic enough,

and the technical features are appropriate, but there are feasible improvements regarding the

graphical depiction of avatars and elements which would allow getting the utmost realism

of the VE.

Block SR shows a general rating around 6 points. Sound effects are the stimuli that

a virtual scenario can render more dependably, and participants endorse that assumption

by highly scoring both questions in the block. On the one hand, they consider that the

sound effects are similar to the sounds in a real situation and, on the other hand, they deem

that those effects are atmospheric, and the spatial origin of every sound is congruent and

synchronised with the rest of virtual stimuli (i.e. visual and haptic).

254



Participants also report that the VE and all kinds of stimuli (visual, auditory, and

haptic) are similar to those in a real environment (ratings are above 6 points in the block

CR). They also assess positively questions relative to the field of view, the tracking system

or the ability to explore the scenario and interact with virtual elements. However, the rating

drops when users evaluate the quantity of information in the VE (question CR1) because

they are accustomed to a higher quantity of sounds, visual stimuli and interactions with

physical elements when they are in a similar real scenario (i.e. an airport terminal).

Reasons for good ratings in the block CR are closely related to the technical features of

the block GR. If the scenario is technically realistic, participants regard a more considerable

resemblance to a real environment. Furthermore, the general public might have forejudged

that a virtual scenario cannot simulate a real situation reliably, and a realistic experience

would change that perception and turn out to those excellent scores.

The block MR addresses the congruence between visual, auditory, and haptic feedback,

yielding a low global rating (4.75 points). Participants watch lacks of congruence between

visual and auditory stimuli (question MR1), but it tends to vanish when the vest renders

haptic stimuli (question MR2). Participants filled out this questionnaire after finishing the

experiment, which may lead them to consider that the experience is more realistic only when

they perceive haptic feedback (H and H2).

The block EAR (4.72 points out of 7) reports low ratings owing to the questions tackle

the behaviour of virtual avatars and other elements in the scenario. Scores only differ in

one question which denotes that participants consider that interactions among other virtual

avatars are not as realistic as those between the controlled avatar and other elements in the

scenario.

The most likely reason is a low graphical quality to render those interactions visually

since the computational resources mostly focus on other aspects, putting those interactions

aside. Moreover, most of the avatars have similar looks, and their movements may be erratic

occasionally (e.g. an avatar may go through other or adopt odd positions). Therefore, the

drop is coherent, but it does not affect the subjective perception extensively because those

troubles do not have a straight implication in the commended tasks.

The block AR reports scores in line with ratings of the questionnaire (5.35 points out

of 7). Participants consider that the controlled virtual avatar is realistic, as well as its

behaviour and their movements in the virtual scenario. There is also a minor drop in the

question AR1, which deals with the realism of visible parts of the avatar, but the significance

is still high.

Haptic stimuli may influence some blocks of this survey (MR and AR mainly), and

scores may cast light on the usefulness of the haptic vest in stressful VEs. The block MR

shows the haptic feedback enhances the multimodality since users perceive as many stimuli

as in a real situation. Furthermore, the block AR reports that haptic stimuli may lead to
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positively assess the quality of interactions between the controlled avatar and other elements

(e.g. collisions or explosions). In summary, participants deem that the virtual scenario is

more realistic when they perceive haptic feedback which, in turn, directly benefit the user’s

experience and the immersion that users reach in these stressful scenarios.

Physical Autonomous Responses

Physical autonomous responses are divided into four categories, namely: smooth movements,

abrupt movements, verbal reactions, and postural changes. All movements must be evident

to regard them as an autonomous response: a smooth movement implies a reaction without

a postural change, and an abrupt movement entails a striking movement together with a

postural change (e.g. bending down or moving back several steps). This analysis may

provide relevant information about the experience and how participants perceive the events

in the scenario, as it happened in previous studies [204] [219].

Verbal reactions may denote a high level of immersion, as well as the sensation of being

in the virtual scenario. They may be habitual reactions to surprising events when a person

undergoes a real situation. Hence, uttering a verbal expression after a startling virtual event

may entail that participants are feeling, thinking or perceiving similar sensations to those

in a real environment.

The analysis of autonomous physical responses compares H, H2, and NH conditions (see

Table 6.8). Results provide information about the influence of haptic stimuli according to

the recurrence of autonomous responses and, consequently, how those responses affect the

sense of presence and the immersion of participants in the virtual scenario.

There only exist four instants of the experience in which most of the participants react

autonomously and recurrently to virtual events. There are autonomous responses during

other phases, but they only occur once or twice, and they are not significant for the analysis.

Responses primarily turn up when the first bomb explodes at the end of the ’Explo-

ration’ phase and the start of the ’Evacuation’ phase. The second terrorist further throws

out between two and four grenades during the next phases, but there solely are evident

autonomous reactions after the blasts of the two first grenades. Moreover, there are re-

sponses during the whole ’Terrorist’ phase owing to the shooting between participants and

the second assailant.

The recurrence of autonomous responses is higher after the first explosion, but it differs

among conditions. There are 28 responses (movements and verbal reactions) during the H

condition, and the number descends in both H2 and NH conditions (21 in both cases).

The total number of movements is equal in H and H2 conditions, whereas it slightly

drops in the NH condition. Abrupt movements are more numerous in the H condition,

but they turn into smooth movements when users become accustomed to haptic stimuli

(H2). Therefore, there is evident habituation to the VE, and reactions of participants are
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less pronounced when they are already aware of how the haptic vest renders stimuli. The

vest contributes to soften autonomous responses, and users get higher levels of immersion

and presence because they perceive the VE more realistically, and its behaviour and their

reactions are similar to those in a real situation.

Autonomous movements after a grenade explosion only happen in H and H2 conditions,

even though the number descends regarding the first explosion. Hence, participants get more

immersion and an improved sensation of being in the scenario when they perceive haptic

stimuli, but the reduced recurrence indicates that they progressively get used to the VE and

the haptic feedback throughout the same condition.

Verbal reactions appear evenly in H and NH conditions, and the number drops noticeably

in the H2 condition. These reactions are not seemingly related to the perception of haptic

stimuli since there are no disparities between H and NH conditions. Verbal expressions tend

to vanish in last conditions owing to users become accustomed to the scenario, which is

proved by the minimal recurrence in H2, which is always the second or the last condition of

the procedure.

There are no verbal reactions after the two grenade explosions. The number of move-

ments descends after those blasts, and the recurrence is 70 % lower after the first grenade

concerning the first explosion, and around 90 % after the second grenade. Hence, the habit-

uation also happens during the same condition, and participants respond to events in the

virtual scenario and sudden phenomena less blatantly as the condition comes to its end.

Participants change their posture up to 35 times during the ’Terrorist’ phase and, al-

though there also are verbal reactions, they are quite scarce. Postural changes appear mostly

during H and H2 conditions, although the difference with the NH condition is negligible.

A postural change allows participants to get ready to face the terrorist, protect themselves

from the shots, and get a proper perspective of the assailant to kill him. The lack of differ-

ences among conditions denotes that there is no straightforward relationship between those

postural changes and the usage of the haptic vest. In these cases, the configuration of the

VE and the multimodality (i.e. the concurrent perception of visual, auditory, and haptic

stimuli) play a crucial role since they involve participants in such a manner they perceive

the virtual scenario as a real one.

Aftereffects

There are no recurrent aftereffects during the experiment. Only one participant suffered

dizziness during the first condition of the experimental procedure. Moreover, three partici-

pants revealed at the end of the experiment, which had suffered slight dizziness during some

phases, but they did not consider that it was necessary to conclude the procedure because

sensations were not acute enough.

A participant pulled out the experiment after conducting the first condition, although
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there was an intermediate pause to shrink the initial dizziness. The participant resumed

the experiment after that gap according to the protocol to finish the condition, but as soon

as those unease sensations returned, the experience finished, avoiding to complete the two

remaining conditions.

This participant filled out three questionnaires: attention, realism, and a subjective

survey. Responses are statistically irrelevant because it is a single case, but only those of the

attention questionnaire differ overly regarding the remaining participants. The participant

left almost the whole questionnaire blank, proving that aftereffects avert attending to the

scenario thoroughly. Therefore, participants who suffer aftereffects do not perceive the VE

rightly, their assessments are useless to evaluate the whole VR system, and they must finish

the experiment as early as it is feasible not to worsen their condition.

6.1.8 Crossed Discussion

Finally, this section states a crossed analysis to compare all gathered data during the ex-

periment (either subjective or objective). These comparisons delve into results, aiming to

set the influence of the haptic vest on stressful and distressing VEs, besides the usefulness

of the entire VR system for learning or training applications. Two additional comparisons

appear in Annex D since those results are less meaningful.

Attention: Objective and Subjective Standpoints

There are two measures of the attention to the virtual scenario: the objective survey after

the first condition (see Table 6.7) and the responses of the two subjective questionnaires

(block AT) (see Figure D-1). The objective approach provides information about how the

configuration of the VE aid to focus the attention and concentration of users. However, it

does not assess the evolution throughout the experiment because users would provide biased

responses (they would increase their attention wittingly to the scenario). Comparisons

are then unsuitable with HR responses, autonomous physical responses or the rest of the

subjective questionnaire.

The block AT addresses how participants attend to the virtual scenario across different

conditions. All questions yield somewhat positive assessments, concurring with responses of

the objective survey. Both measures report that participants can discern and describe the

most of virtual elements in the scenario.

The question AT4 (i.e. the only significant difference) denotes that the VR system

fosters the attention in the condition Ts2, which may consequently enhance the general

user’s experience. That score might be derived from having filled out the objective survey

after the condition T1, leading to users attend more thoroughly to the scenario in successive

conditions (T2 or T3) since they are not aware if they must complete more similar surveys.
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The configuration of the VE fosters the attention according to objective and subjective

results, and it increases the longer users undergo the virtual scenario. The low values of

identification and location rates in the objective survey are not remarkable because they do

not have a reflection on the subjective questionnaire. Locating elements of intermediate and

advanced levels would also entail hardships in a real environment and, hence, those rates

follow the expected behaviour.

Comparison of Heart Rate Responses

The most significant comparisons of HR responses are the H-H2-NH comparison and the

T1-T2-T3 comparison. The majority of significant differences come out when comparing the

condition H with the other two conditions (H2 and NH). There is also an apparent evolution

between the first (T1), the second (T2) and the third condition (T3) attending to the order

of realisation, even though the disparities are less noticeable.

The most remarkable disparities are related to the mean values of the four phases,

although they are more significant during ’Exploration’ and ’Terrorist’ phases (see Figure

6-12). Disparities in the ’Exploration’ phase appear because users begin to perceive visual,

auditory, and haptic stimuli, which can be unexpected and surprising initially. Similarly,

disparities in the ’Terrorist’ phase report that users get more involvement due to the shooting

and the continuous interactions with the scenario.

HR responses are more accentuated in both the H and the H2 condition, and there is a

descent in the NH response in both phases (’Exploration’ and ’Terrorist’). Responses also

drop due to the triple repetition of the experiment since mean values are lower in T3 than

in T1 and T2 conditions.

All variations reflect the influence of the haptic vest during those phases. Users get more

involved in the experience when they perceive haptic feedback, and the minor descent in the

H2 condition denotes that haptic stimuli aid to become accustomed to the virtual scenario,

and complete the tasks more readily. Although the configuration of the VE is also helpful

to become accustomed (there is a gradual drop in T2 and T3 regarding the T1 condition),

responses descend to a lesser extent, proving that the haptic vest improves the performance

of conventional VR systems more swiftly.

Nevertheless, the haptic vest does not influence substantially on the ’Evacuation’ phase,

and the only significant difference appears between conditions T1 and T3. Users focus

on completing a task in which haptic stimuli do not play a significant role (i.e. they are

attempting to evacuate people by using the controller).

Each condition consists of one quiet phase (’Exploration’) and two stressful phases

(’Evacuation’ and ’Terrorist’). Generally, the most of disparities (as well as significant

differences in Table 6.6) brings about in both stressful phases (both in the H-H2-NH com-

parison and the T1-T2-T3 comparison), even though responses differ more markedly in the
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quiet phase when users notice haptic feedback.

In summary, all comparisons among HR responses denote the sway of the haptic vest

on the experience. Responses are higher during the H condition, and there are generalised

drops in the H2 condition, entailing that participants become accustomed to haptic stim-

uli although the involvement remains steady. Furthermore, descents in the NH condition

are abrupt (as regards both haptic conditions), which imply a lower involvement and the

relevance of the haptic vest to boost the immersion and the sense of presence when users

undergo stressful VEs.

Notwithstanding, the habituation is not exclusively related to the usage of the haptic vest

because there are progressive decreases from T1 to T3 conditions. Repeating the experiment

several times also fosters becoming accustomed to the VE and all events happening in the

scenario. However, the descents between consecutive haptic conditions (H and H2) are more

striking, revealing the relevance of haptic feedback for swift habituation to VR systems.

Subjective Questionnaire vs Heart Rate Responses

The next comparison addresses the relationship between HR responses and the subjective

questionnaire. The evolution of the user’s condition may reflect on the responses to the

questionnaire, either positively or negatively [209].

The block AT yields higher ratings when participants perceive haptic stimuli, which

concurs with the general rising in HR responses during H and H2 conditions (see Figures

D-1 and Table 6.4). Users are more involved and concentrated, and they have more abil-

ity to explore the scenario in those conditions, which trigger the growth of HR responses.

Furthermore, responses decrease in the final conditions of the experiment (T2 and T3) be-

cause users are more relaxed, and they can explore and attend to the scenario more quietly.

The subjective questionnaire also reports that phenomenon since responses denote improved

attention in the condition Ts2.

The block CS assesses the naturalness and the configuration of the VE, and questions

always report high ratings, which are slightly superior in conditions Ts2 and Hs (see Figure

D-2). The evolution of HR responses shows a downward trend from the first (T1) to the last

condition (T3) because the virtual scenario is realistic and natural, and users get used to it

readily. The trend is similar between both haptic conditions (H and H2), and the condition

NH reports even lower ratings. Thus, both subjective ratings and HR responses prove that

the haptic vest is useful to perceive the naturalness of the VE, and the configuration is

adequate to further the habituation in successive conditions.

The block INT tackles the interaction of the controlled virtual avatar with other avatars

or objects (see Figure D-3). Ratings are higher in the condition Hs, and HR responses show

accentuated variations in both haptic conditions (H and H2), which indicate the haptic

stimuli boosts the involvement in the scenario. However, the questionnaire does not show
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disparities in the comparison Ts1-Ts2, and the decrease of HR responses between successive

conditions (T1, T2, and T3) does not have a direct relationship to the interactivity.

The block EMB addresses the sense of embodiment when users manage the virtual

avatar (see Figure D-7). The assessment improves in the condition Hs, coinciding with the

increase of HR responses when users perceive haptic stimuli (H and H2). However, there

is no clear relationship between HR responses and the embodiment attending to the order

of realisation. HR responses drop in conditions T2 and T3, which should turn into high

ratings in the condition Ts2 of the subjective questionnaire, but they are still higher in the

first condition. Therefore, the sense of embodiment does not sway the habituation to the

stressful VE mightily, although haptic stimuli do seemingly increase the identification with

the avatar, the involvement and the sensation of being in the scenario.

The block MS and the HR response do not show a special relationship since subjective

ratings are steady across conditions (see Figure D-6). If the multimodality is appropriate,

HR responses should not differ because users are used to noticing visual, auditory, and

haptic stimuli concurrently in real environments. Hence, these results could denote the

synchronisation is appropriate, and users get exceptional levels of immersion in the virtual

scenario.

The block NEP reports disparities in both subjective comparisons (see Figure D-4). The

Hs-NHs comparison suggests a high sense of presence and a great ability to escape from

the real world when users perceive haptic stimuli, which coincides with the accentuated

HR responses in conditions H and H2 and verifies the haptic vest is essential for enhancing

the user’s experience. Improved ratings in the condition Ts2 of the questionnaire concurs

with mitigated HR responses in conditions T2 and T3, which denotes that the VE and the

experimental narrative ease the habituation to the scenario, and the ability to move around

and interact with virtual elements.

Subjective ratings in the Hs condition are generally higher, which reflects on HR re-

sponses are more pronounced in both H and H2 conditions, and reports a direct relationship

between the perception of haptic stimuli and the improvement of the involvement, the immer-

sion and the sense of presence. The haptic vest, thus, positively influences the performance

of users in stressful and distressing VEs.

The same phenomenon occurs when analysing the questionnaire and HR responses ac-

cording to the order of realisation (see Figure 6-12). Subjective scores are higher in the

condition Ts2 because users are already used to the virtual scenario, and HR responses

descend gradually since the habituation shrinks the stress and the nervousness. The block

HAP reports high responses in the condition Ts2 because haptic stimuli aid users to inter-

act with the VE and complete the entrusted tasks. Likewise, the descent of HR responses

may be related to the habituation to the haptic vest, endorsing those previous assumptions

about the continuous usage of the vest is beneficial so that users fulfil the objectives of the
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experience.

Heart Rate Responses vs Physical Autonomous Responses

There may be close relationships between HR and autonomous physical responses. Au-

tonomous reactions (verbal reactions, or smooth and abrupt movements) usually are asso-

ciated with sudden events which may prompt substantial HR variations (either risings or

drops).

There are four events during the procedure which trigger autonomous responses, and HR

responses differ suddenly during the successive instants to those events. Significant variations

may verify if the recognition and selection of autonomous responses are appropriate, and if

so, they also denote the involvement of users in the virtual scenario.

There are several risings and drops of HR responses when participants suffer an au-

tonomous response due to a specific event. Coherently, risings predominate since sudden

events ordinarily unleash startles or nervousness, which are mainly associated with rises of

HR responses [274] [275].

However, the relationships are not always downright since there are users who undergo

an autonomous response while the HR response remains constant. In the case of the first

explosion, 14.3 % of autonomous reactions are not linked to a variation in the HR response

(see Table 6.8). Even so, both physical reactions and variation in the HR are numerous

because there are no distressing stimuli during the first phase, and the probability of being

startled is larger when users undergo a quiet situation.

Reactions diminish progressively after the two subsequent explosions, even though there

still are autonomous reactions not linked to HR responses after the first grenade explosion

(10.1 %). Contrarily, the recurrence of autonomous responses is low after the second grenade,

and rates are not meaningful for comparing with the two previous phenomena.

The number of risings and drops in HR responses is practically equal in the three con-

ditions (H, H2 and NH). The drops are more numerous after the first explosion in the H

condition, which may hint that users do not wait for perceiving the blast via a haptic stimu-

lus, and they put the rest of tasks on hold after the explosion to ascertain its origin and the

reason of that stimulus. However, those drops are fleeting because HR responses promptly

resume the growing tendency until the end of the condition (see the typical behaviour in

Figure 6-11).

Nevertheless, the shooting prompts an opposite behaviour because there are more varia-

tions in HR responses than postural changes or verbal reactions. Not all variations are linked

to an abrupt physical reaction (only 70 %), because the shooting is an event extended in

time, and autonomous responses may appear at any instant until the experience finishes.

The higher number of HR variations occurs when users confront the second assailant

during the ’Terrorist’ phase. They are attempting to subdue the terrorist, adapting to the
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scenario and the virtual elements to avoid getting shot and finish the condition. Therefore,

the variations are mainly related to postural changes because users have behaviours similar

to those they would have in a real environment.

Practically all autonomous responses and HR responses appear during H and H2 con-

ditions, proving that the haptic vest allows the perception of the virtual scenario more

realistically, and the vest aids to get greater involvement, immersion, and sense of presence

in stressful VEs.

Subjective Questionnaire vs Realism Questionnaire

The close relationship between the realism, the immersion, and the sense of presence allows

the comparison between both surveys. The questionnaires yield high ratings (above 4.5

points out of 7 in all blocks), which are coherent because good ratings concerning the realism

of the VE should lead to proper assessments of the subjective perception.

Some blocks in the subjective questionnaire have a direct relationship to the realism

of the VR system, such as blocks CS or NEP (see Figures D-2 and D-4). The block GR

(realism questionnaire) addresses the graphical quality of the scenario, which may affect the

subjective perception of the configuration (block CS) or the sensation of being in the scenario

(block NEP). The block GR yields high ratings, whereas scores of blocks CS and NEP are

slightly lower. Those descents prove the realism is essential for the subjective perception,

but there are more aspects not related to the configuration which may negatively sway the

immersion or the sense of presence.

The block AT (subjective questionnaire) (see Figure D-1) may have a relationship to

blocks GR and CR (realism questionnaire). Users attend to the virtual scenario more thor-

oughly if the general configuration is appropriate (block GR), and the VE is akin to reality

(block CR). They may then discern the surroundings accurately (elements, avatars or be-

haviours, among other aspects), complete the tasks efficiently, or improve their performance

during the virtual experience. The block AT reports a minor drop regarding both blocks

of the realism questionnaire, evidencing that a proper realism may boost the attention in

the VE. Nevertheless, there are more external elements which negatively affect the atten-

tion, endorsing the previous surmise that realism is not the only factor which influences the

subjective perception of the virtual scenario.

The realism of virtual avatars (blocks AR and CR) may affect the interactivity (block

INT) and the sense of embodiment (block EMB) (see Figures 6-14, D-3 and D-7). If the VE,

the virtual avatars and the interactions are similar to reality, users feel more identified with

the controlled avatar, and the sensation of interactivity improves. Ratings are similar on the

four blocks, verifying that the realism of the VR system prompts an appropriate sense of

embodiment with the controlled avatar and more easiness to interact with all virtual avatars

and elements in the scenario.
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Both questionnaires encompass a block dealing with the multimodality of the VR system

(blocks MS and MR) (see Figures D-6 and 6-14). The realism of the system enhances

when users perceive haptic feedback according to the block MR, and ratings are similar in

the subjective questionnaire because the excellent quality of stimuli is complemented with

proper synchronisation and congruence. Furthermore, the block MS addresses sound effects,

which the realism questionnaire tackles in the block SR, even though both blocks yield high

scores. In summary, the multimodality of the system (visual, auditory, and haptic feedback)

enhances the virtual experience and the performance of users in the VE.

There are three blocks which cope with haptic feedback in the realism questionnaire. The

block CR reports that all stimuli (visual, auditory, and haptic), and the VE resemble reality,

whereas the block AR yields good ratings in questions related to interactions with virtual

elements (which the haptic vest renders in haptic conditions) (see Figure 6-14). Moreover,

the question MR2 reveals that realism improves when users perceive visual, auditory, and

haptic feedback concurrently. All those good ratings reflect on high general scores of the

block HAP (see Figure 6-10), revealing the essential role of haptic feedback to get the best

experience in stressful VEs.

6.2 Experiment 4: Pursuing Full-Body Haptic Interaction for

Stressful Virtual Reality Systems

The previous experiments have demonstrated the relevance of the sense of touch to enhance

the realism, the sense of presence and the immersion in stressful VEs. Haptic vests or other

wearable devices are beneficial to create fictitious interactions in order to resemble VEs to

real scenarios. These devices can simulate plenty of interactions, either with virtual elements

or avatars wandering in the scenario. Thereby, haptic stimuli raise the multimodality of the

system and, if the integration is adequate and all stimuli are congruent, the VR system

boosts the subjective perception and the performance of users during the experience.

So far, this dissertation has focused on a passive haptic device exclusively. Users do not

control the stimuli that the vest renders, and they only perceive stimuli occurring in the

VR system passively. The passive feedback conveys information related to events happening

while users stay in the virtual scenario, but always external to its will.

Contrarily, users can handle the received haptic stimuli when they employ an active

device. In those cases, users manage a virtual avatar that they can compel to touch willingly

whichever virtual object or avatar. The VR system sends a signal when the virtual avatar

actively contacts with an element which, in turn, triggers a haptic stimulus that the active

device renders. Those stimuli are usually related to grasping forces, or the perception of

textures or shapes of objects, among others [58] [59].

The passive device (i.e. the haptic vest) allows users to perceive all the surroundings
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and virtual events via three kinds of feedback (vibrotactile, thermal, and impact). On the

contrary, the active device (i.e. a fingertip haptic device) seeks to enhance the perception of

those elements in the virtual scenario with which the avatar can interact wittingly (through

cutaneous or thermal feedback). Those active contacts are closely related to the sense

of agency since it may boost when users control the avatar’s behaviour and movements

deliberately in the virtual scenario. In this manner, combining active and passive devices

can increase the immersion, and the senses of presence, embodiment and agency.

The next experiment is the result of a collaboration with the Perceptual Robotics Lab-

oratory (PERCRO) of Scuola Superiore Sant’Anna - TeCIP Institute in Pisa, Italy, which

provided the employed active device. The scenario is the same used in the previous experi-

ment, but some adjustments and new functionalities aim to integrate the active device and

assess how both devices may aid and boost the user’s experience. Results report how users

cope with stressful and threatening virtual scenarios which, in this case, includes explosions

and panic reactions of the crowd.

The common usage of both haptic devices may enhance the virtual experience, but it

also may be detrimental for users. The experience could worsen if users cannot deal with

the overexposure of feedback stemming from the multimodal VR system. Thereby, it would

be then necessary to ascertain the most appropriate stimuli for each application and remove

the pointless feedback to accomplish the best performance and the fulfilment of objectives.

The assessment has two different approaches: a subjective questionnaire and a phys-

iological measure to assess the user’s experience objectively. The questionnaire is similar

to that in the previous experiment, although there are additional questions to assess the

influence of the active haptic device.

The questionnaire is not entirely conclusive since it is subject to biases. The objective

approach aims to amend those biases, reporting the actual user’s condition during the whole

procedure. The physiological variable to measure is the SC, which is a standard method

that previous studies reported as helpful to assess VR systems which include haptic devices

[196] [199]. The study of SC also serves to complement the previous results using the HR,

aiming to set the best objective physiological measure to evaluate those systems. Finally,

both methods (subjective and objective) are compared to determine the usefulness of the

full-body haptic device for stressful and threatening virtual scenarios.

Lastly, the discussion sets if the common usage of the haptic vest and the fingertip device

enhances the original VR system, which initially includes visual and auditory feedback.

Results are construed in terms of immersion, sense of presence, and sense of embodiment

in the virtual scenario to examine if the configuration of the environment and the full-body

haptic device may entail enhancements on the system’s performance and, consequently, on

the user’s virtual experience.
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Figure 6-15. Detail of the fingertip haptic device (Thermal Thimble) during a
typical usage integrated into a VR system.

6.2.1 Materials

This experiment makes use of the MB haptic vest and a fingertip haptic device (Thermal

Thimble). The features of the vest appear in Chapter 3 and this section only explains the

features of the Thermal Thimble.

Thermal Thimble

The Thermal Thimble is a fingertip haptic device to render cutaneous and thermal feedback

in HMI systems. It is an active device which can simulate contacts between the controlled

avatar and virtual elements of the scenario when users touch a virtual object with the hand

in which they wear the device.

The thermal actuation system is similar to the used in the haptic vest, even though it has

some particularities. The Peltier cell transmits the temperature to a metallic plate which

makes contact with the user’s finger [88], instead of applying the stimuli directly over the

skin. The system also uses a PID controller to handle the temperature over the user’s skin

continuously [118]. The thermal sensor to close the control loop is embedded in the metallic

plate since it is the contact point between the thermal system and the finger. Furthermore,

the tactile feedback consists of cutaneous stimuli which employ transient contacts and force

feedback (see Figure 6-15).

The device has a 3 degrees-of-freedom kinematics. It can rotate the thermally controlled

plate around the user’s fingertip in order to perform the more suitable contact for each

event. That plate can also move along the contact direction, as well as against the fingertip
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Figure 6-16. Room where participants must deactivate the bombs in the last
phase of the experiment (top image), and the numeric keyboard that participants
must handle to disarm the bomb (bottom image).

to generate force feedback.

6.2.2 Haptic Stimuli

The haptic vest remains active throughout the whole experiment. It begins to operate after

the deployment of participants in the scenario, and it simulates interactions with virtual

elements so that participants may perceive blows or crashes with walls, virtual avatars or

any elements in the scenario through vibrotactile stimuli. Haptic patterns to simulate these

phenomena are the same as those used in the previous experiment (see Section 6.1.3).

Thermal effects raise the temperature of the haptic vest by using distributed Peltier cells.

There are two sources of thermal feedback: the fire located in the room where the last phase

of the experiment takes place (see Figure 6-16), and the user’s condition at each instant (i.e.

stress and physical activity).

The vest employs vibrotactile, thermal, and impact feedback to render effects derived

from explosions in the virtual scenario. The combined stimulus is similar to that in the

previous experiment: it consists of vibrotactile feedback to simulate the blast wave, thermal

feedback to generate a sudden increase of temperature when the blast wave reaches partici-

pants, and impact feedback to simulate small shrapnel pieces that the explosion throws out

the surroundings. All particularities of this stimulus appear in Section 6.1.3.

The Thermal Thimble only works during the last phase of the experiment. The system

provides feedback when participants are disabling the bombs by inserting a code in a numeric
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keyboard (see Figure 6-16). On the one hand, the device renders force feedback when

participants press a key to insert a specific number of the code, simulating the pressure

in a finger when pressing an object. On the other hand, the thermal system raises the

temperature in the fingertip owing to the fire in the room, following the same procedure

than the haptic vest (see Chapter 3, Subsection 3.3.4).

6.2.3 Virtual Environment

The VE is a maritime port terminal during a daily routine. It is the same used in the

previous experiment, but it contains some additional functions to integrate the Thermal

Thimble and engender events related to the stimulation of users’ hands by employing the

fingertip device. The geometry of the scenario has also been adapted to include the required

elements for this experiment (e.g. bombs or the numerical keyboard to deactivate them).

The scenario depicts the preceding instants to a terrorist attack. At that moment,

the scenario contains two hidden bombs in two unknown locations. The primary task is

to disable both bombs before they explode, thwarting the attack and their consequences.

Participants were advised about this situation before starting the experiment, besides the

required actions to counteract the attack.

One of the rooms in the port terminal contains a numeric keyboard alongside the bomb.

Participants must find a handwritten code in a random location of the VE and, subsequently,

insert that code in the keyboard to disable the unexploded bombs in the scenario and thwart

the terrorist attack.

The keyboard has 13 buttons: nine of them are numbered from 1 to 9, even though they

are not ordered to hinder the deactivation procedure. It also has three green buttons which

participants must press after inserting the correct code to disable both bombs. Furthermore,

there is a blue button that is useless in this scenario, and it happens nothing if participants

press it.

Participants did not know the code for disabling the bomb at the beginning of the

experience. The code appears in a handwritten paper in a room of the terminal. Participants

were also advised that they have to search the code firstly to complete the primary task.

There were no clues concerning the location of the paper to add more hardships to the

experience, and they only know that it is above a table in a random room. Participants

were also informed that they could not interact with the numeric keyboard if they do not

found the paper earlier, preventing participants from skipping phases of the experience and

skewing the experiment and the results. The code and the numerical keyboard are in two

rooms of opposite sides in the terminal. In this manner, participants have to scout the whole

VE to complete the tasks and finish the experiment.

After entering the room with the keyboard and the bombs, participants have to press a

pad button in the controller to activate the hand’s tracking and the interactions with the
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keyboard, enabling the Leap Motion mode (LM mode). The Leap Motion device (Leap

Motion Inc., USA) tracks the hand, and the VR system detects when participants press a

button with the index finger. In case of the Thermal Thimble is active, it renders force

feedback so that participants notice that they have pressed a key.

The Thermal Thimble may hinder the tracking employing Leap Motion since the device

is geared initially towards the tracking of bare hands. Some preliminary tests were conducted

before the experiment to verify the reliability of the tracking when users wear the fingertip

device. The system needed minor adjustments to prevent blockages during the operation,

allowing a bare interaction with the numeric keyboard.

The LM mode enables additional functions in the scenario. A timer appears in the screen

to show the remaining time (40 seconds in the beginning) to insert the deactivation code

before the bomb explodes. Participants have five attempts to insert the code rightly, and 40

seconds is a reasonable time to make those attempts. If the time or the attempts run out,

the bomb explodes, and the system displays a screen to indicate the end of the game.

A fire appears when participants enable the LM mode, and it maintains until the end

of the experiment. The fire triggers thermal feedback over the torso and the fingertip by

using the haptic vest and the Thermal Thimble, respectively. The objective of these thermal

sensations and the countdown timer is to generate restlessness sensations and insecurity on

users, unleashing high-stress levels during the last phase of the experience.

The communication between the VE and both haptic devices starts when the VR system

detects an event in the scenario which unleashes haptic stimuli. The VR system sends the

corresponding signal to the haptic vest by employing the communication protocol described

in Chapter 3, Subsection 3.5.2. Contrarily, the conveyance of signals to the Thermal Thimble

employs a wired connection since the device has an external module that must always be

connected to the VR system.

6.2.4 Experimental Protocol

Control System

The overall control system consists of a computer to run the VR system (MSI GT72VR Intel

i7-7700HQ (graphics card nVIDIA R○GeForce GTX, 8GB GDDR5)). It sends the required

instructions to the haptic vest via a Bluetooth emitter, the instructions to the Thermal

Thimble by a cabled connection, and it also handles the data gathering coming from the

SC measurement device. Moreover, this computer manages the server and the participant’s

client in the VR system. A second similar computer manages an additional client to handle

a terrorist that the experimenter controls to explode the bomb.

The VR experimental system consists of the HMD, a controller so that users can move

around and interact with the virtual scenario, the headphones integrated into the HMD
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to hear all sounds in the scenario, and the haptic vest including vibrotactile, thermal, and

impact actuators.

Participants

Participants were 12 healthy people (9 males and 3 females) ranging from 27 to 39 years old

(mean ± SD = 32 ± 4.01). All participants were not aware of the experiment’s purposes.

They were informed about the experimental procedure, and they provided informed written

consent before starting the experiment. The study complied with the Code of Ethics of the

World Medical Association (Declaration of Helsinki).

Objective Measurements - Skin Conductance

The objective evaluation consists of monitoring a physiological variable throughout the ex-

perience. The variable is the SC, which is measured by employing the g.Sensors kit (g-tec,

Shiedlberg, Austria).

Those responses also serve to compare two physiological variables (SC and HR) in two

similar experiments. Although this experiment includes an active haptic device, the com-

parison may provide an overview of the helpfulness of both variables, ascertaining the best

parameter to assess stressful environments and the influence of haptic devices.

Subjective Measurements - Questionnaire

The questionnaire assesses several aspects of the virtual experience from a subjective point

of view. Participants responded to questions willingly, although that might prompt biases in

responses and the ensuing results. The joint analysis alongside the objective SC responses

attempts to weaken those biases.

The questionnaire contains 22 questions arranged in four sections (see Table 6.9). Par-

ticipants respond to all questions by using a 7-point Likert scale, in which the 1 equate to

’strongly disagree’, and the 7 equate to ’strongly agree’. Next, there is a thorough explana-

tion about each group, the questions, and the sought objectives in each case:

∙ Presence and Embodiment (PE questions). This group assesses the overall config-

uration of the VR system, and how it affects the immersion, the sense of presence

and the sense of embodiment when participants are in the virtual scenario. Questions

address the interactions between the controlled avatar and the remaining virtual ele-

ments, and they also evaluate the multimodality, focusing on the congruence of visual,

auditory, and haptic stimuli. Responses denote if the configuration prompts enhance-

ments regarding the senses of presence and embodiment. Good ratings imply that

the VR system improves the user’s experience, easing the completion of tasks and the

fulfilment of objectives in the virtual scenario.
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Table 6.9
Summary of the subjective questionnaire for Experiment 4

Block Number of Questions Objective

Haptic 4 Quality of haptic stimuli
rendered through the haptic
vest and the Thermal Thimble

Tasks 5 Performance of participants
when conducting the entrusted

tasks

Presence & Embodiment 9 Overall configuration of the VR
system. Influence on the

immersion, sense of presence
and sense of embodiment

Sense of Discomfort 4 Detrimental effects for
participants during the

experience

∙ Task-Specific (TS questions). This group addresses how participants carry out tasks in

the virtual scenario. Questions primarily focus on the easiness to interact with elements

in the VE (the code or the numeric keyboard, among others). They also assess stressful

sensations associated with those tasks, and how the restlessness elements (the timer

and the fire) affect the entire virtual experience. High ratings entail the VR system

serves to enhance the performance of this virtual scenario.

∙ Haptic Feedback (HF questions). These questions assess the quality of haptic stimuli

rendered through the haptic vest (vibrotactile, thermal, and impact feedback), and

the Thermal Thimble (force and thermal feedback). Responses reveal the congruence

of haptic feedback with visual and auditory stimuli stemming from the VR system,

besides ascertaining whether those stimuli aid to carry out and complete the tasks

during the experience (e.g. the insertion of the code). High ratings denote the useful-

ness of both haptic devices for improving the performance in stressful and disturbing

virtual environments.

∙ Discomfort (DC questions). The last group tackles likely detrimental effects that

participants might suffer during any phase of the virtual experience. Those effects

may derive from the general configuration of the VR system or the rendering of any

feedback (visual, auditory or haptic). The lack of congruence between all stimuli is

probably the main trouble, which usually entails descents of attention, immersion or

even more hardships so that users complete tasks efficiently. However, the most evident

effect is the dizziness owing to visual stimuli when users watch a fictitious environment,
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although individual auditory and haptic stimuli may also prompt discomfort if they

are not realistic enough. Thereby, responses to these questions reveal if there are

detrimental features of the VR system in order to take the required corrective actions

to improve future versions of the VR system.

Procedure

The experimental procedure consists of two conditions that participants must complete:

Haptic (H) and Non-Haptic (NH). The haptic vest and the Thermal Thimble are active in

the H condition (besides visual and auditory feedback), whereas the VR system only renders

visual and auditory feedback in the NH condition. The order of realisation is random to

reduce biases in the results. Thus, some participants started by conducting the H condition,

and others started with the NH condition.

Participants repeated the experiment twice, once per condition. Results may reveal if

haptic devices encompassing large body areas (the torso and one hand in this case) are helpful

to cope with stressful and threatening VEs. The addition of new haptic stimuli may also

improve the performance so that users can complete tasks more efficiently and accurately.

Lastly, comparing between conditions reports the relevance of haptic feedback as regards

when only noticing visual and auditory stimuli stemming from the virtual scenario.

The scenario is essentially the same used in the previous experiment, but it contains

the Thermal Thimble to convey haptic feedback over the hands. This dissertation seeks

to set the helpfulness of a haptic vest so as to enhance the performance of users in VEs.

Therefore, this experiment focuses on examining how a secondary haptic device affects the

user’s experience when the VR system includes both devices operating simultaneously. There

are no separate conditions to examine the influence of both devices individually since the

analysis of singly employing the Thermal Thimble is beyond the reach of this thesis. Results

report if the fingertip device complements the vest and if it provides additional benefits to

users in these virtual experiences.

The experiment begins after informing participants about the primary features of the

VE, which appears in Section 6.1.2, as well as the tasks to carry out in order to complete

the virtual experience successfully:

1. Participants were informed about an imminent terrorist attack in the virtual scenario.

All tasks are channelled to thwart the attack and to prevent serious consequences (e.g.

the deactivation of two bombs or the evacuation of people in the port terminal).

2. The first task is to find the room where there is a paper with a handwritten code to

deactivate the bombs. Participants must enter the room, find the appropriate position

to read the code and memorise the 6-digit code. There is no time limit to carry out

this task.
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Figure 6-17. Experimental procedure, in which the events mark the beginning
and the end of each phase (sequence). Participants must complete several tasks
with various objectives (notes) in a specific time (duration).

3. Once participants memorise the code, they have to find the room where the numerical

keyboard is to disable the bombs. If an explosion befalls, they have to start evacuating

so many people as they can, even though they had to keep looking for the keyboard.

4. When participants find the last room, they enter and activate the LM mode by using

the controller. They can interact with the keyboard, inserting the code and deactivat-

ing the bomb, frustrating the final explosion and finishing the experience.

The experiment is divided into four phases, and all subsequent analyses are referred to

those phases (see Figure 6-17). They are as follows:

1. Exploration. Participants are deployed in a random place of the scenario, and they

have to start wandering so as to become accustomed to the VE and all elements of

the VR system. Once they can move readily in the VE by using the left controller,

they must look for the code room. The experimenter should encourage participants

by voice to start this phase if they did not begin after two minutes of the deployment.

Figure 6-2 depicts the scenario during that phase in which participants are wandering

in common areas of the port terminal, such as stores, counters or passport controls.

2. Code Room (CoR). Once participants find the code room, they have to enter, read the

paper to memorise the 6-digit code and exit the room to thwart the terrorist attack.

3. Search Bomb (SB). A bomb explodes when participants exit the code room, pointing

the beginning of this phase. Virtual avatars in the scenario start to run away, simu-
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lating a typical panic reaction of the crowd in a real situation. Participants have to

direct people to the terminal exits by using the pad buttons of the controller, and they

must search for the keyboard while they are conducting the evacuation.

4. Code Insertion (CI). Participants enter the room where the numerical keyboard and

the remaining bomb are (see Figure 6-16), and they enable the LM mode. They have

to insert the correct code to disable the bomb, but they have a limit of five attempts

or 40 seconds to carry out the task. If the attempts or the time run out, the second

bomb explodes, and the virtual experience finishes. If participants insert the correct

code, the bomb also explodes to attain users’ responses to a stressful and distressing

event, and standardise the outcome of the ultimate phase of the experiment.

The display of the VE changes when participants enable the LM mode to ease the

interaction with the numeric keyboard and the tracking of the hand. The VR system

usually employs a camera which might hinder the straightforward insertion of the code in

the keyboard. Nevertheless, the LMmode employs a fixed camera so that participants always

watch the keyboard on a table in front of them. They can move the head freely to watch

the rest of the room, the countdown timer or the fire, but they cannot move the absolute

position of the controlled virtual avatar. Participants must be at a specific distance of the

table to activate the LM mode in order to accomplish an indiscernible change of camera,

avoiding abrupt detrimental effects such as dizziness.

Statistical Analyses

The statistical test for analysing the subjective questionnaire is the non-parametric Wilcoxon

matched-pairs signed-rank. The selection of this test lies in subjective data do not follow a

normal distribution according to the Lilliefors test.

The analysis of objective responses compares both conditions (H and NH), and the three

final phases of the experiment (CoR, BS, and CI). The statistical test for comparing the

phases is a 2x3 repeated-measures factorial design. Contrarily, the comparison between

conditions uses a 2-way ANOVA. In no case, data follow a normal distribution according to

the Lilliefors test.

The Mauchly’s test shows the homogeneity of variance in SC responses of the three anal-

ysed phases. If data do not meet the sphericity condition, a Greenhouse-Geisser correction

is required before performing the ANOVA test.

The response since the device begins to measure until the participant starts the expe-

rience is the baseline to normalise and assess the SC response. These initial data provide

an overview of the physiological participant’s condition when they are neither undergoing a

stressful VE nor perceiving haptic feedback.
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Figure 6-18. Common SC responses of several participants during the experi-
ment. Most of them reveal an upward trend since the beginning of the experi-
ment until the bomb explodes in the last phase. However, the fluctuations and
the tendency differ across participants.

6.2.5 Results

There are two approaches to analyse the results, corresponding to subjective and objective

measures. This section states both approaches individually, and the comparison between all

results appears in the subsequent discussion.

Skin Conductance Responses

SC responses are divided into the four phases previously described: ’Exploration’, CoR,

BS, and CI. Figure 6-18 depicts several SC responses of participants in both conditions (H

and NH), showing the ordinary evolution throughout the experience. The upward tendency

is similar regardless of the condition and, at first sight, there is no strong sway of haptic

feedback in the experience. Although SC responses are noisy on occasions, the analysis

focuses on the general tendency and disregards the smallest fluctuations. A thorough analysis

considering parameters of each phase and responses to events and phenomena during the

experience appears in Annex E.

Common responses continuously rise since the device begins to measure until the virtual

experience finishes. They remain somewhat flat before the ’Exploration’ phase since partic-

ipants are merely preparing to begin the experiment, and they do not perceive any kind of

event. This section is the baseline to normalise the response in the remaining phases.

There are rises during the ’Exploration’ phase, but they are not meaningful whatsoever.

Some cases (images (c) or (b) in Figure 6-18) show striking responses, but the normalised

responses in Figure 6-19 denote that it is the least remarkable phase throughout the expe-
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Figure 6-19. SC responses averaged over participants for each phase (Explo-
ration, CoR, BS, CI and the Final Phase) and experimental condition (H and
NH).

rience.

Active involvement of participants begins in the CoR phase. Participants had to find

the paper, and memorise the 6-digit code to disable the bomb in the last phase. However,

there are no apparent variations in the SC response all through this phase, and values are

somewhat similar to those in the ’Exploration’ phase (only the image (a) in Figure 6-18

show a marked response).

The BS phase begins when the first bomb explodes, which participants always watch and

perceive through visual, auditory, and haptic stimuli. Those phenomena seek the creation of

restlessness and urgency sensations so that participants conduct the tasks swiftly to prevent

severe damages due to the terrorist attack. SC responses sharpen when the explosion befalls,

and there are evident risings at the beginning of the phase (i.e. after the explosion), even

though responses stop the rising or begin to descend shortly after the sudden phenomenon

until the end of the phase (see Figure 6-18).

The last phase (CI) starts when participants enter the final room to interact with the

numerical keyboard and thwart the explosion of the second bomb. Participants activate the

LM mode and, consequently, the screen displays the timer and the fire, and both haptic

devices start to render thermal feedback (only in the condition H). In some cases, responses

also report conspicuous risings at the beginning of the phase (see images (c) and (d) in

Figure 6-18), which maintains until the experience finishes, despite it has continuous fluctu-

ations. Finally, responses begin to descend immediately after finishing the experience until

participants take off the SC measurement device.
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Figure 6-20. Ratings of the four blocks (mean and SD) in the subjective ques-
tionnaire (Sense of Discomfort, Haptic Feedback, Presence & Embodiment, and
Tasks) to assess the full-body haptic device and its influence on stressful VEs.

Figure 6-19 depicts the mean of normalised values of all phases for both conditions by

considering the response of the twelve participants. These responses show small dissim-

ilarities between conditions, but the overall results are quite alike. The main differences

appear in the CI phase, even though there are slight deviations in the BS or the final phase.

Notwithstanding, tests do not yield significant differences neither between conditions (H and

NH) nor between the four phases (’Exploration’, CoR, BS and CI).

Questionnaire Responses

Figure 6-20 depicts ratings of the questionnaire divided into the four groups of questions.

There are no apparent differences between both conditions attending to the graphs, and

statistical tests neither yield significant results in responses among H and NH conditions.

Questions PE are practically identical in both conditions. The only remarkable difference

appears in the question PE8 in which the condition H yields higher ratings, denoting that

the involvement of all senses in the virtual experience may improve when the haptic devices

render stimuli.
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The block TS reports two differences: questions TS4 and TS5. They are related to

the last phase of the experience (CI phase), and scores are higher in the H condition as

well. Furthermore, there are seeming differences in scores of DC1 and DC2, which deal

with distractions coming from the configuration of the VE or auditory stimuli. In this case,

ratings are higher in the NH condition.

Scores of HF questions are rather high generally. These values indicate that participants

perceived haptic stimuli properly, and they could associate those stimuli with virtual events

that they visualise and hear in the scenario. Those high scores also reveal that all stimuli

(visual, auditory, and haptic) are congruent, and the VR system and both haptic devices

render feedback simultaneously. However, those good scores do not alter the results of the

rest of questions (PE, TS, and DC groups) in the H condition, seemingly lessening the

influence of haptic stimuli throughout the experience.

Statistical tests solely report a significant difference in the question TS5, revealing hap-

tic feedback over the fingertip eases the insertion of the code by using the virtual keyboard

(the medians of Wilcoxon test were equal to 3 and 2 in H and NH conditions, respectively).

Notwithstanding, scores are relatively low in both conditions, indicating problems to com-

plete the task, which must be solved to move forward the development of full-body haptic

devices.

6.2.6 Discussion

The discussion addresses two approaches as well. Firstly, there is an independent analysis

of subjective and objective measurements. Secondly, there is a comparison between both

measures to attain conclusions about the VR system, and the two haptic devices operating

simultaneously over two different body areas.

Skin Conductance

Figure 6-18 depicts two SC responses for each condition (H and NH). These graphs serve as

a reference to examine the typical physiological responses of participants during the exper-

iment. Although some responses reveal continuous fluctuations, the most crucial aspect is

the general tendency of the SC response since the beginning until the end of the experiment.

All responses begin with a previous time frame since participants put on the SC measure-

ment device until the experiment begins. The response remains flat or faintly rises owing to

the lack of stressing phenomena which may alter the physiological participant’s condition.

This response serves as a baseline to normalise SC responses and analyse the rest of the

phases in each condition.

Responses begin to rise more strongly during the ’Exploration’ phase. There are acuter

fluctuations in some responses (responses (b) or (c) in Figure 6-18), but changes are minimal

in the most of them (e.g. responses (a) or (d) in Figure 6-18). Participants explore the
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scenario quietly, and there are no remarkable events which may affect their physiological

condition (there only are contacts with virtual elements, besides haptic feedback in the

condition H). The existent risings are probably related to surprises or frights that users may

undergo owing to the newness of the virtual scenario.

Some responses (e.g. (a) and (c)) show risings at the beginning of the CoR phase,

in which participants find the paper and attempt to memorise the handwritten code. SC

responses may increase due to the mental load of the task, even though the risings are not

usually significant (only one in three responses reveal that mental load). Moreover, there are

no sudden events which divert participant’s attention and prompt substantial variations in

the response. The scenario is still calm, and participants do not perceive anxiety or urgency

to finish the experience.

The involvement typically boosts when participants exit from the code room and the first

explosion takes place (i.e. the beginning of the phase BS). The blast befalls at a significant

distance from the user, but the experimenter manages the location so that participants

always watch the phenomenon. The haptic vest renders the effects of shrapnel from the

blast wave (only in the condition H), attempting to encourage the participants’ involvement

through stressful and threatening stimuli. Moreover, virtual avatars scattered in the scenario

start to scream and run away, and those nearby to the blast appear died or severely injured.

There are risings in the most of responses when the blast befalls since the VR system

renders stimuli, and participants divert their attention to that sudden phenomenon (see

images (a) and (d) in Figure 6-18). However, they recover the initiative after a few seconds,

and the SC response maintains or descends gradually until the end of the phase. There are

little peaks in some responses due to startles when they watch panic reactions, or the haptic

vest renders some contact stimuli in the condition H.

The CI phase shows similar SC responses in most of the cases. Values remain steady

until participants are in front of the keyboard, and they start to insert the memorised code.

Then, there are risings and drops indifferently, besides minor fluctuations due to failures

when inserting the code, or urgency and restlessness sensations owing to the timer or the

limited number of attempts. Those fluctuations can also be related to the mental workload

since participants are remembering the code and inserting it in the numeric keyboard to

avoid the final explosion [200].

The SC response usually descends when the experience finishes (see images (a) or (c)

in Figure 6-18), and there are no striking variations immediately after the final explosion.

Participants watch an end-game screen, hear the sound of the blast and perceive haptic

stimuli via the vest in the condition H. Nevertheless, there are no visual stimuli to display the

explosion. In this manner, they do not perceive the blast correctly since they do not receive

the three kinds of feedback simultaneously, and that reflects on the absence of variations in

SC responses.
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There also is a permanent descent until participants take off the measurement device,

although the response is still high due to the ascendant tendency during the whole experi-

ment. Responses tend to return to the values of the initial condition (before the ’Exploration’

phase), proving that the virtual experience substantially affects participants when perceiving

stressful and threatening situations coming from the virtual scenario.

The comparison between both conditions (H and NH) does not report significant dif-

ferences (see Figure 6-19). Normalised SC responses in ’Exploration’ and CoR phases are

quite similar, although absences of variations are foreseeable since participants barely receive

haptic stimuli, and visual and auditory stimuli are more ordinary in real situations.

SC responses in the BS phase do not yield a significant difference among conditions,

but values in the condition NH are slightly higher. Participants always perceive the explo-

sion, but it befalls in remote positions of the scenario in order to prevent the death of the

participants’ avatar. In this manner, they always perceive the blast through dependable

visual and auditory stimuli, but haptic stimuli may surprise them (only in the condition H)

because the explosion occurs far away and they do not expect to perceive the blast wave.

The descents may come from the necessity of congruent stimuli and accurate spatial origins

to fully perceive virtual events and trigger evident responses on physiological measures.

There is a minimal difference in the CI phase since values are higher in the condition

H. There are two possible causes for that difference: the active involvement in the task,

and the perception of haptic stimuli. The fingertip device renders a pressure sensation

when participants press a key, and both haptic devices render thermal feedback owing to

the fire. The general response increases in both conditions because the stressful elements

remarkably affect participants. Notwithstanding, the high values in the H condition seem

to be associated with the previously described haptic stimuli (both active and passive).

In summary, there are no significant increases of SC responses owing to the addition of

haptic feedback (neither due to the haptic vest nor the fingertip device). Statistical tests

do not yield significant differences, neither between the three last phases nor between H

and NH conditions. Nevertheless, there is a seeming variation between the two first phases

(quiet phases) and the two last ones (stressful phases). SC responses report values generally

higher during the two last phases due to the stressful events happening in the scenario (i.e.

the post-explosion panic reactions and the insertion of the code). Statistical tests neither

report those differences, but results lead to consider that stressful and restlessness events

may influence the participants’ experience, as it happened in previous experiments.

The general lack of differences might due to stressful elements in the scenario are easily

perceptible through visual and auditory stimuli, whereas haptic feedback remains in the

background except for the CI phase. Another possibility is that SC responses are not

helpful to evaluate this scenario, which has previously happened in other studies which also

employed stressful VEs [199] [214]. A comparison with subjective responses may shed light
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on the causes, aiming to attain sound and definitive conclusions.

Questionnaire

Responses of the questionnaire do not differ substantially between H and NH conditions

(see Figure 6-20). Ratings are constant or have subtle differences in most of the questions

regardless of whether the VR system renders haptic stimuli.

Results report neither the sense of presence nor the sense of embodiment increase when

users receive haptic stimuli. Ratings in all PE questions are similar in both conditions, except

for PE8 and PE7 questions that marginally improve in H condition (see Figure 6-20). These

questions address the stimulation of different human senses (PE8) and the congruence of all

stimuli (PE7) in the virtual experience. Ratings denote as the number of senses increases (H

condition), the involvement rises, but it solely occurs if visual, auditory, and haptic stimuli

are congruent and dependable. Those differences are not statistically significant, but they

hint the benefits of multimodality and haptic feedback in these VEs.

These similar ratings may be due to auditory and visual stimuli are sufficient so that

participants get an appropriate immersion and sense of presence in the VE, as well as a full

sense of embodiment with the controlled virtual avatar. Another workable option is that

haptic stimuli are not wholly relevant in the tasks which participants carry out in the VE.

In this manner, the tasks should be readjusted to increase the influence of haptic devices

and, consequently, boost the performance in stressful VEs which render visual, auditory,

and haptic stimuli concurrently.

Questions TS are barely affected by adding haptic devices in the VR system (see Figure

6-20). Haptic stimuli do not increase the required attention to carry out the entrusted

tasks (TS1), and the feedback neither eases the completion of those tasks (TS4 or TS5).

The haptic vest neither is relevant during the reading of the code since there is no active

involvement of haptic feedback. Visual and auditory stimuli are seemingly more relevant

throughout the virtual experience, and they even trigger urgency and restlessness sensations

according to the continuous rising of SC responses in both H and NH conditions. Likewise,

the fire during the last phase and the ensuing thermal feedback does not trigger urgency,

and participants do not notice the temperature as a compelling sensation to finish the tasks

swiftly.

However, ratings report differences in the CI phase. The performance when inserting

the code improves if participants employ the Thermal Thimble. Statistical tests only show

a single significant difference concerning the question TS5, proving that haptic stimuli over

the finger aid to complete the task optimally.

Ratings of the question TS5 are low regarding what might be expectable. The first factor

which may lead to those values is the final explosion always takes place deliberately in order

to examine how users undergo a sudden event that they are attempting to thwart, even if
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they insert the correct code. Participants are endeavouring to carry out an unfeasible task,

and they might be more stressed and frustrated because they cannot complete it.

Participants also remarked that the insertion system in the keyboard is not entirely reli-

able. The Thermal Thimble may hinder the hand’s tracking with Leap Motion, diminishing

the easiness to perform the ultimate task. The tracking system may lose the hand owing

to obstructions with cables or the own fingertip device, which may entail losses of time or

attempts. Several tests were performed before the experiment to minimise those troubles,

but some participants still underwent hardships during the insertion of the code.

DC questions yield low scores generally, and statistical tests do not report significant

differences between both conditions (see Figure 6-20). Participants did not suffer aftereffects,

losses of attention, concentration or comfort all through the virtual experience. Furthermore,

neither the configuration of the virtual scenario nor haptic feedback negatively affected the

experience. Scores in the condition H are moderately superior, but differences are practically

indiscernible and non-meaningful.

All responses about haptic stimuli are above 4 points according to the Likert scale (see

Figure 6-20). Overall high ratings prove the dependability of both haptic devices, even

though participants have more hardships to notice thermal feedback (the score of HF4 is

lower than the rest), which may be related to the overexposure to stimuli and tasks during

the CI phase. Even so, those high values reveal the potential helpfulness of haptic devices,

although responses are subject to biases due to diverse aspects (e.g. the previous expertise

of participants). The proper assessments of this block set forth that haptic devices are

essential to improve the subjective perception of virtual scenario since participants consider

those stimuli as useful and they are comfortable by employing haptic devices integrated into

conventional VR systems.

Crossed Discussion

Some studies report significant variations in SC responses when users employ haptic devices

[213], but results do not coincide in all cases, and other studies do not validate those surmises

because their results are not conclusive [208]. Therefore, these objective responses may not

be enough to categorically assert that both haptic devices (the haptic vest and the Thermal

Thimble) do not improve the experiences in stressful VEs.

Subjective responses, and the comparison with SC responses, provide supplementary

information about the virtual experience. There are no seeming differences between both

conditions (H and NH), neither in SC nor the questionnaire responses. These results evidence

that haptic stimuli are not markedly relevant to enhance the performance of this particular

virtual scenario. Visual and auditory stimuli prevail over haptic feedback provided by the

vest and the Thermal Thimble.

Good ratings about haptic stimuli do not have a clear reflection on SC responses, even
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though the question TS5 shows a significant difference between conditions (see Figure 6-20).

The fingertip device enhances the insertion of the code, but the remaining haptic stimuli do

not foster the virtual experience. Additional tests in new stressful scenarios would shed light

on the usefulness of both haptic devices, endorsing or refuting the lack of influence. The

ultimate objective must be equalised the influence of visual, auditory and haptic stimuli in

order to exploit the capabilities of multimodal VR systems.

The experimental setup has several drawbacks which hinder the free movement of partic-

ipants during the procedure. They have to remain close to the overall control system since

the SC measurement device and the Thermal Thimble are connected to the VR system via

cables. Those cables may also hinder the insertion of the code by obstructing the free move-

ment of the hand wearing the Thermal Thimble, which may clearly explain the low ratings

in questions TS4 and TS5.

The usage of the Thermal Thimble may hinder the hand’s tracking in both conditions.

Some corrections were conducted before the experiment to optimise the task, but the Leap

Motion system still lost the hand occasionally. The descents of ratings in questions TS4 and

TS5 may also be related to this inefficient tracking. Even so, all participants completed the

task, although the bomb always exploded.

There also are slight risings of discomfort during the CI phase in the H condition (see

Figure 6-18). The hardships owing to the cables and the urgency sensations are alike but,

besides, participants perceive more stimuli (force and thermal feedback). That large quantity

of information coming from the VE (i.e. the fire, the timer, the cutaneous feedback when

inserting the code or the urgency to finish the task) may prompt an overexposure to too many

simultaneous stimuli, overloading the perception and avoiding a comfortable experience.

The cables which connect the participant with the VR system hinder the free movement

in both conditions, restricting the influence of the haptic vest during the whole experience.

The vest is wireless, and it allows the free movement in the space delimited by HTC trackers;

thus, the experience and all sensations are more similar to a real situation by uniquely using

the vest since participants are moving when they interact with virtual elements. However,

wired devices might disrupt sensations when limiting participants’ movements, which avoid

perceiving some features of the haptic feedback (e.g. the orientation of the fire or the spatial

origin of an explosion). These hardships may prompt that the haptic vest becomes irrelevant

in these virtual scenarios, contrary to what happened in previous experiments.

Another likely drawback is the lack of a time frame between both conditions. Participants

conducted both experiences without an intermediate pause. When they finished the first

condition (H or NH randomly for each participant), they immediately started the second

one after filling out the first questionnaire. Subjective and SC responses after the second

condition may be biased since participants already know the virtual scenario and all events

and, therefore, sudden reactions tend to vanish, whereas the subjective perception does not
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differ substantially.

The initial objective of this experiment was to ascertain if the common usage of both

haptic devices improves the immersion and the sense of presence in stressful virtual scenar-

ios. Results are not conclusive whatsoever since there are no significant differences between

conditions. There is a single remarkable result when participants insert the code using the

Thermal Thimble, but the rest of the experience does not change. However, ratings about

haptic stimuli are reasonably high, which reveal that both devices render dependable stim-

uli, and participants are comfortable by using the vest and the Thermal Thimble together

with the VR system. Despite the unfeasibility to categorically uphold the usefulness of

these systems, results prove that haptic devices may enhance the performance of the virtual

experience since users’ subjective sensations are close to reality. Therefore, this experiment

endorses the results of previous ones, stating the potential to improve the immersion and the

sense of presence. Nonetheless, some adjustments are necessary to improve the performance

and accomplish an optimal multimodal VR system which includes a full-body haptic device.
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Chapter 7

Conclusions

The majority of haptic devices gears towards stimulating the hands or the arms since they

are the body areas with which people interact more commonly during daily situations. Those

stimuli are usually active and depend on the user’s will, easing the creation of stimuli since

they are based on typical interactions (e.g. a hand touching a table). Nevertheless, other

body areas (e.g. the torso, the head or the legs) require passive stimulation, which is more

intricate since they can come from diverse sources in the surroundings and trigger stimuli

of very manifold nature. Therefore, haptic devices for those areas are rather scarce owing

to its intrinsic complexity and the difficulty to develop reliable passive sensations.

This thesis proposes the design and the development of a haptic vest, besides its integra-

tion into a VR (Virtual Reality) system. The objective is to complement visual and auditory

feedback through haptic stimuli so that the virtual experience resembles reality. The design

is based on parameters of the haptic perception over the torso, aiming that users receive

the information conveyed by the VE (Virtual Environment) appropriately. The haptic vest

requires a validation after the design to verify the proper operation of both the actuation

and the driver systems. If results are satisfactory, the vest is integrated into the VR system,

and several experiments are then required to ascertain the influence of haptic stimuli on the

virtual experience, the benefits that they provide to users and the capability of enhancing

the overall performance.

The design began with the selection of the actuation systems to build a haptic vest that

renders vibrotactile, thermal, and impact feedback. The process consisted of selecting the

most appropriate actuators, developing the driver systems, and integrating into the haptic

vest to meet the requisites concerning the wearability, the weight or the bulkiness. The vest

contains ERM (Eccentric Rotating Mass) vibration motors to render vibrotactile stimuli,

Peltier cells to render thermal stimuli, and innovative impact actuators to render impact

stimuli. The joint operation of all actuation systems hinge on an overall driver system which

must accomplish a swift and accurate communication with the VR system, in such a manner

the entire system may render visual, auditory, and haptic stimuli simultaneously. Lastly,
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the textile design is essential so that every actuator remains in permanent contact with the

user’s skin, averting losses of haptic information stemming from the VE.

The distribution of actuators over the haptic vest is fundamental in order to create

and render haptic patterns that users may comprehend and relate to events happening

in the virtual scenario. The distribution deemed psychophysical parameters of the haptic

perception in the entire torso (the front torso, the back, the shoulders, and the laterals) to

ease the development of the vest and, consequently, the recognition of the rendered haptic

patterns.

The spatial acuity reports the minimum distance to perceive two distinct stimuli when

two similar actuators operate simultaneously. Distributing the actuators according to this

parameter confers versatility to the creative process of haptic patterns, either to develop

generalised sensations or specific patterns. The haptic vest contains few impact actuators,

and the spatial acuity is not vital since it is large enough to avoid the overlap of two

simultaneous impact stimuli. However, the distribution of vibrotactile and thermal actuators

is more profuse, and it is necessary to ascertain this parameter for both kinds of stimulus.

The distance is around 50-60 millimetres in the case of vibrotactile actuators, whereas the

experiment yields a distance around 15 centimetres for thermal feedback.

Not only was it required an appropriate distribution, but also being aware of how users

perceive the rendered haptic patterns. The absolute perception thresholds report the mini-

mum intensity so that users detect a stimulus, although this parameter is solely helpful for

vibrotactile feedback. The experiment revealed that the absolute threshold is around 80 Hz

– 0.25 g for the selected ERM motors. On the contrary, the absolute thermal threshold is

delimited by the painful range since users feel ache if a thermal stimulus activates nocicep-

tors instead of thermoreceptors in the somatosensory system. In this manner, all thermal

stimuli must remain above 15 oC not to trigger painful sensations. Finally, the impact

actuator renders stimuli with a carefully selected strength in order to be always perceptible

and, thus, the design does not allow the generation of non-detectable stimuli.

A high-intensity stimulus (vibrotactile, thermal or impact) may trigger painful sensa-

tions. This phenomenon does not occur for vibrotactile feedback, whose maximum intensity

is a stimulus entirely detectable and non-painful (330 Hz - 1.297 g). The same does not

happen regarding thermal and impact feedback. The upper thermal painful threshold is 45
oC ; hence, all stimuli must remain below that temperature not to render painful sensations.

Similarly, any impact stimulus must not exceed the painful mechanical threshold, which is

avoided by adjusting the developed strength through trial and error tests.

Two consecutive stimuli may blend if the difference of intensities is not sufficient. The

differential thresholds report the required disparity between those stimuli so that users

perceive them as two different sensations. Impact stimuli have an exclusive strength, and the

differential threshold is not a necessary parameter to render appropriate impact patterns.
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Contrarily, thermal stimuli may be sudden (i.e. the temperature changes around 10-15
oC in few seconds) or progressive (i.e. continuous variations to render gradual risings or

drops of temperature, in which users do not need to differentiate each particular stimulus).

Thermal differential thresholds can be useful to guarantee the perception, but the values are

around 0.5 oC for swift changes, whereas if the variation is continuous, users do not need

to perceive each thermal stimuli, but the general ascending or descending tendency. Thus,

those thresholds are not necessary for this application. Finally, the experiment showed that

vibrotactile differential thresholds differ linearly according to the reference intensity and it

is needed to employ Weber’s law and the resulting K-values to attain the threshold for each

stimulus contained in a vibrotactile pattern.

All those parameters define a haptic map of the torso for vibrotactile, thermal, and

impact feedback. The map serves to develop and create haptic patterns thoroughly, and

accomplish detectable, discriminable, and non-painful patterns that convey the information

stemming from the VR system. Notwithstanding, the psychophysical map not only affords to

configure patterns for this particular haptic vest, but results are helpful to develop stimuli

for other haptic devices with similar actuation systems. Furthermore, the map reveals a

meaningful outcome since the vibrotactile and the thermal perception barely differ across

the different areas of the torso, easing the creation and the employment of generalised haptic

patterns.

The first step was to validate the design of the vest and verify if both the distribution

and configuration of actuators are optimal. The validation delved into the correct operation

of every actuation and driver system, denoting whether the creation of haptic patterns is

dependable, and users receive and recognise the information that the VR system conveys

through the haptic vest. The validation consisted of rendering several vibrotactile, thermal,

and impact patterns. Users must identify and detail all their features, proving if they

distinguish them and all individual stimuli accurately.

Vibrotactile patterns have plenty of configurable parameters, which provide more ver-

satility to convey information coming from the VE. The validation assessed the relevance

of parameters such as the number of vibrations in a pattern, the shape of the pattern, the

variations in intensity or the appearance area over the torso. Results revealed that users

perceive vibrotactile stimuli accurately, and they also yielded guidelines to enhance the cre-

ation of patterns. The most meaningful outcome was the full ability of users to perceive

variations in intensity provided that every stimulus has a higher intensity than the absolute

threshold. The remaining results showed the perception is better when the number of vibra-

tions is lower than five, the shape of the pattern is linear or angular, or the pattern appears

in areas of the front torso instead of the back.

Perceiving thermal stimuli is more intricate owing to the transduction procedure and the

latency of the sensory system. Results revealed that users perceive hot stimuli more readily
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than the cold ones, but the perception is not full due to the vest’s fitting is not optimal.

Contrarily, users distinguished all impact stimuli without mistake, validating the design of

the actuators and the placement over the haptic vest. In summary, the validation endorsed

the configuration of vibrotactile, thermal and impact systems, although it also afforded to

identify the required enhancements in order to optimise and integrate the vest into a VR

system.

The original purpose of this thesis was the usage of the haptic vest integrated into a

conventional VR system geared towards the training of first responders. These VEs are

typically stressful, distressing, and threatening since they are related to extreme situations,

such as a terrorist attack. The haptic vest may accentuate the responses and the sensations

when users undergo those virtual experiences, fostering the performance and the fulfilment

of the objectives.

Experiment 2 was a preliminary approach to verify the proper integration of the haptic

vest in the VR system. In this case, the virtual scenario was a train station after an

explosion due to a terrorist attack. Users had to move around the scenario freely and

interact with virtual elements, such as movable avatars, injured people or a fictitious fire.

Users commonly undergo a VE by perceiving visual and auditory stimuli uniquely, but

haptic stimuli may provide additional information through the sense of touch. The haptic

vest rendered vibrotactile and thermal stimuli to simulate those interactions, which may

enhance the performance of users to complete the experience, besides their immersion and

sense of presence in the virtual scenario.

The assessment of the virtual experience mainly focused on three aspects: the realism of

the VE, and the immersion and the sense of presence that users get during the experiment.

The realism is an objective measure related to technical aspects of the system, the scenario,

and the quality of rendered stimuli (visual, auditory, and haptic). On the contrary, both

the immersion and the sense of presence report the subjective perception of the virtual

experience (i.e. thoughts, feelings or perceptions), although the three concepts are strictly

related. Thereby, improving technical aspects might drive to enhance the realism of the

scenario or the stimuli and, in turn, the subjective perception of the VE.

Results reported the essential relevance of the haptic vest in the subjective perception.

Users positively assessed the realism of the scenario and that of vibrotactile and thermal

stimuli. However, they set out the necessity of improvements regarding the synchronisation

of all stimuli, or the even perception of thermal stimuli, aiming to ensure the optimal opera-

tion of the haptic vest. This subjective evaluation bounded the validity since users may bias

the results, and the following experiments required a complementary objective evaluation

to attain sounder conclusions about the influence of the haptic vest on the VR system.

Experiment 2 also analysed the influence of the previous expertise (either regarding

haptic devices or VEs) on the perception of VR systems which include a haptic device.
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Expert users were more questioning concerning the overall configuration of the system or

the quality of haptic feedback, and they got lower levels of immersion or presence in the

virtual scenario. Users with void experience (i.e. the general public) were more willing to

employ those systems, and they assessed the VR system (both the virtual scenario and the

haptic vest) more positively and honestly due to the absence of biases derived from their

previous expertise.

In summary, this experiment proved the haptic vest is useful to enhance the user’s

experience in stressful VEs, although results afforded to identify various improvements to

optimise the haptic vest and ensure benefits for users. Furthermore, although assessments

are always positive, the experiment evinced that stimuli affect differently according to the

previous expertise, and the design of the VR system must always consider the target public

to accomplish the utmost performance.

The flaws and enhancements identified in the validation and Experiment 2 afforded to

develop a definitive version of the haptic vest. This version enhanced the communication

and the synchronisation with the VR system, the configuration of actuation systems and

the textile fitting of the vest to ensure the optimal rendering of haptic patterns.

Experiment 3 employed a more intricate virtual scenario to boost stressful and distressing

elements. In this case, the virtual scenario was a port terminal before and during a terrorist

attack. Users must carry out several tasks in the stressful VE, which developed events to

hinder the completion of the experiment (e.g. there were armed assailants, and random

explosions befell all through the procedure). Users repeated the procedure three times to

verify the habituation to the VE and all stimuli, as well as the influence of the haptic vest

on the user’s experience.

The haptic vest rendered vibrotactile, thermal, and impact feedback depending on virtual

events happening in the scenario. The objective was to foster the involvement and ease the

completion of tasks. If so, the objective assessments should reveal accentuated reactions and

changes on the user’s condition according to events or phenomena throughout the procedure,

as well as high evaluations in the subjective questionnaire which denote optimal immersion

and sense of presence.

The assessment was more in-depth and more intricate since it dealt with every single

aspect of the virtual scenario and the user’s experience. There were extended subjective

evaluations to assess the immersion and the sense of presence, and the objective measure-

ments provided complementary viewpoints about the user’s condition without the risk of

biasing responses. The most critical objective measures were physiological parameters, such

as the HR (Heart Rate) or the SC (Skin Conductance), since they yielded unequivocal in-

formation about the user’s condition. Furthermore, there existed other approaches which

examined the attention of users to the virtual scenario, the realism of the VE, the appear-

ance of autonomous physical responses, or the likely aftereffects that users may suffer when
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they undergo a virtual experience.

Results were relevant because both objective and subjective assessments reported sim-

ilar tendencies. Users optimally assessed the subjective perception, and ratings further

increased in the last conditions of the experiment or when users perceived haptic feedback,

which turned into high levels of immersion and sense of presence in the virtual scenario.

HR responses endorsed subjective ratings, reporting high involvement when users perceived

haptic feedback (responses were more pronounced), and more relaxation and easiness to

complete the tasks in the ultimate conditions of the experiment (responses were smoother).

All measures revealed that the continuous usage of the haptic vest furthered the habitu-

ation to the VE, even though the repetition of the same experience without haptic feedback

could lead to similar outcomes. However, the process was swifter when users perceived hap-

tic stimuli because both objective and subjective measures denoted greater habituation and

involvement than if the VR system only renders visual and auditory stimuli.

Results denoted the configuration of the VE boosts the attention and the concentration

of users, and it does not trigger aftereffects during or after the experiment. Furthermore,

high ratings of the realism questionnaire strengthened the surmises about subjective results

and HR responses. Likewise, there were frequent physical autonomous responses when users

perceived sudden virtual events, and the recurrence was even higher when those events were

related to haptic feedback, which also reflected in HR responses. Therefore, the haptic vest

is helpful to enhance the realism of the VR system, the involvement in the virtual scenario

and, consequently, the immersion and the sense of presence.

The haptic vest renders stimuli passively, but active haptic devices can complement it

by stimulating other body areas. Collaboration with the Perceptual Robotics Laboratory

(PERCRO) of Scuola Superiore Sant’Anna - TeCIP Institute in Pisa, Italy, afforded to carry

out a first approach for using an active (a fingertip device) and a passive haptic device (the

haptic vest) simultaneously. The objective was to move forward for attaining a full-body

haptic device which renders active and passive stimuli, entailing more benefits for users.

The experiment employed the same virtual scenario, although it comprised additional

functionalities to allow the active interaction with virtual elements. The assessment methods

were minimally different since, in this case, the physiological measurement was the SC.

Furthermore, the subjective questionnaire was reduced to focus the assessment on the most

relevant aspects of the user’s experience. Results were easily comparable, and they allow

to ascertain the benefits of adding other modes of haptic feedback. Moreover, SC and HR

responses of the previous experiment could be compared to set the best objective measure

for assessing stressful and distressing VEs.

High ratings of the subjective assessment denoted that the combination of both devices

may enhance the immersion, the sense of presence and the performance when users undergo

those VEs. However, SC responses were remarkably less significant than HR responses,
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even though both maintained similar tendencies and revealed more involvement when users

perceive haptic feedback. These results bolstered the conclusions of the previous experiment,

demonstrating the usefulness of a full-body haptic device and endorsing the usage of the

haptic vest in stressful VEs.

The assessment of the haptic vest follows a course of action throughout the dissertation,

affording the comparison between all experiments. The next section states conclusions by

analysing the evolution of results throughout the three VR experiments and focusing on the

influence of the haptic vest.

7.0.1 Conclusions about the Evolution of the Performance of the Haptic

Vest

One of the primary objectives in this thesis is that the haptic vest renders dependable

stimuli so that users can receive adequately the information stemming from a VR system.

The validation stated the reliability of the three actuation systems (vibrotactile, thermal,

and impact), even though it also revealed necessary improvements to optimise the operation

of the vest. The evolution of the design throughout the ensuing three experiments resolved

those identified troubles, aiming the haptic vest have ultimately become a vital tool for

enhancing the performance of VR systems.

The validation showed that users perceive vibrotactile feedback with hardly any mistake.

This experiment set the essential configurable features of vibrotactile patterns to guarantee

an optimal perception (e.g. the number of vibrations or the shape of patterns) and, thereby,

the development of haptic patterns draws from these results. Experiment 2 yielded high

subjective assessments, a full perception of vibrotactile feedback, and a full capability of

relating those patterns with virtual events happening in the scenario.

The two final experiments employed slightly modified vibrotactile stimuli in order to

enhance the performance even more if possible. Those stimuli simulated a greater diversity

of virtual events, but they were intricate, and users had more hardships to identify and

interpret them rightly. Nonetheless, ratings evolved positively, and the absolute perception

of vibrotactile stimuli was full in both experiments. Users had more difficulties to relate

those stimuli to some specific events occurring in the VE, although those troubles were

derived from extensive exposure to other feedback (thermal, impact, or combined stimuli)

or the complexity of the experimental narrative.

The validation revealed an intricate perception of thermal patterns. There were lacks of

perception in the torso, but they were mainly related to areas of the back. The analysis of

results denoted the trouble comes from the defective fitting of the vest, which avoided that

thermal actuators were entirely attached to the user’s skin during the procedure. Hence, the

definitive version of the haptic vest counts on an improved textile design which may lessen

the absences of perception to a great extent.
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The perception of thermal stimuli was almost full during Experiment 2. The virtual

scenario contained a remarkable event to generate thermal stimuli (i.e. a fire), even though

the haptic vest also rendered risings in temperature associated with the physiological user’s

condition (i.e. stress or fatigue). Notwithstanding, users primarily focused on the fire since

that stimulus prompted more substantial changes of temperature during the experience,

which led to the full perception and good subjective ratings of thermal stimuli.

However, those thermal stimuli lost relevance in favour of vibrotactile and impact feed-

back on Experiment 3 and Full-Body Experiment. The excellent performance of the thermal

actuation system in Experiment 2 led to focus the haptic vest on rendering vibrotactile and

impact feedback, aiming to ensure optimal operation of all feedback modes in the vest.

There was no fire in Experiment 3, and it only appeared at the end of the procedure in

the Full-Body Experiment. Thermal stimuli then came from risings and drops of temper-

ature owing to nearby explosions and the physiological user’s condition. Those variations

were small and progressive on time, except for the perception of the virtual fire in Exper-

iment 3, but it solely lasted 40 seconds or less. However, users were capable of detecting

variations in temperature readily, and subjective assessments followed a slight but continu-

ous ascendant tendency from the Experiment 2 until the Full-Body Experiment, proving the

proper functionality of the thermal actuation system and the accurate perception of thermal

stimuli.

Finally, the validation verified the complete perception of impact stimuli independently

on the configuration of each pattern. The impact strength is adequate to accomplish appro-

priate and non-painful stimuli. Likewise, time frames between successive impacts are not a

significant parameter to perceive this feedback mode.

Experiment 2 did not employ impact stimuli owing to the features of the procedure

(i.e. the scenario depicted a post-explosion situation, and there were no terrorists to trigger

sudden events). The usage of impact feedback began as of Experiment 3 in which the virtual

scenario rendered sudden events, such as explosions or shootings. The results of the two last

experiments denoted that users perceived impact feedback flawlessly, and they associated

patterns with the intended virtual events correctly. Ultimately, impact patterns are reliable

and effective, and they can render optimal stimuli to simulate shots or blast waves.

Not only did the three evaluations focus on individual haptic stimuli, but they also

assessed the integration of the haptic vest into the VR system. The questionnaires inquired

about whether the combination of visual, auditory, and haptic stimuli fosters the sense

of presence or the immersion in virtual scenarios. Moreover, there were aspects, such as

the configuration of the VE or the synchronisation between stimuli, without which optimal

haptic feedback cannot enhance the overall performance of the VR system.

Experiment 2 employed a subjective questionnaire which draws from previous studies,

taking some questions directly, and adapting others to assess the influence of a haptic device.
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Experiment 3 widened the evaluation, and the surveys included questions which delved into

diverse aspects of the VE and their main features (e.g. visual and auditory configuration, the

multimodality, the integration of haptic devices, the experimental narrative, the interactivity

or the sense of embodiment). Lastly, the Full-Body Experiment employed a reduced version

which assesses the VE and the simultaneous operation of an active and a passive haptic

device.

All surveys utilised a 7-points Likert scale to report the agreement or disagreement with

the proposed statements, and ratings always denoted positive evaluations regardless of the

questionnaire and the experiment.

Experiment 2 also evaluated the influence of the previous expertise of users when they

undergo a VE and perceive feedback via a haptic vest. Results showed inequalities since

users who had extensive expertise provided lower ratings generally (Professional Users), and

the lessening of the expertise entailed progressive risings of ratings. Users without experience

(General Users) scored moderately higher owing to the eagerness to employ those devices

for the first time or the absence of knowledge since all stimuli are exceptional and striking.

Participants in the two final experiments are always General Users who had never used

haptic devices so that results are comparable to ratings of Experiment 2. The assessments

about the realism and the subjective perception improved gradually, which imply that users

got more involvement, more immersion in the scenario, and more reliable sensations of being

present in the VE. Scores revealed that haptic stimuli (vibrotactile, thermal, and impact) and

the configuration of the VR system are adequate to accomplish the best virtual experience.

The usage of the haptic vest further swayed all results since scores generally swelled when

users perceive visual, auditory, and haptic stimuli stemming from the VE concurrently.

Subjective questionnaires are essential since they provide a personal overview of the

perception, feelings, and thoughts throughout the virtual experience. Those responses are

subject to biases owing to the eagerness to undergo those experiences or the wariness to

employ such new technologies, among other phenomena. Subjective ratings were high in

the three experiments (PU and GU), which could be associated with sizeable emotional

engagement, a pleasant experience, and good immersion and sense of presence in the virtual

scenario. Furthermore, objectives measures in Experiments 2 and 3 afforded to cast aside

most of the biases because there is a correlation between those measures and subjective

results. Hence, users reflected their thoughts and feelings truthfully on the questionnaires,

endorsing the conclusions about the engagement, the involvement and the immersion in the

virtual scenario.

Objective measurements are a standard method to assess VR systems, and physiological

constants, such as the HR or the SC, are those which more information provides. The two

final experiments monitored the user’s condition by using those measures, although they

were never employed simultaneously owing to space constraints. However, virtual scenarios
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in those experiments were similar, and it was feasible to compare the measures afterwards

to verify what constant provided the most relevant information. Moreover, Experiment

3 monitored additional objective measures to attain a thorough overview of users: the

attention to the virtual scenario, the realism of the VE, the recurrence of autonomous

physical responses or the appearance of aftereffects.

The HR is the objective measurement which furnishes more information about the user’s

condition in stressful VEs. Responses reported conspicuous variations among distinct phases

of the experiment, besides understandable relationships to virtual events happening in the

virtual scenario. Furthermore, they revealed direct linkages with other objective or subjec-

tive assessments. Contrarily, the SC also reported differences between phases of the proce-

dure, but responses were considerably less noticeable since general variations and alterations

due to sudden events were relatively smoother.

HR responses in Experiment 3 revealed that users got more significant involvement in the

virtual scenario when they perceived haptic feedback. Responses were always more marked

in the conditions in which the haptic vest rendered stimuli, and they descended when users

solely perceived visual and auditory feedback. Moreover, responses also decreased when

users conducted the second condition with haptic feedback, suggesting that these stimuli

prompt quick habituation to the VE.

Conducting the experiment repeatedly also led to descents in responses. Users became

accustomed to the stressful scenario, and they got on more efficiently regardless of the per-

ception of haptic feedback. Nevertheless, the habituation was swifter when users perceived

haptic stimuli since variations in parameters of HR responses were more accentuated be-

tween the two conditions in which the haptic vest rendered stimuli (H-H2) than between the

first and the third condition according to the order of realisation (T1-T3).

The remaining objective measures complemented HR responses in Experiment 3. Proper

assessments of the realism endorsed responses concerning the immersion and the sense of

presence due to the relationship between the three concepts. Autonomous responses were

plentiful after sudden events, they further coincided with risings or drops in HR responses,

and the number was even higher when users perceived haptic stimuli. The recurrence of these

responses bolsters the influence of the haptic vest and the usefulness of HR measurements

to assess VR systems which include haptic feedback. Furthermore, the VE prompted proper

levels of attention since users could identify elements and areas easily in the virtual scenario

and, finally, there barely were aftereffects, which denote both the configuration of the VE

and that of the experiment were optimal.

SC responses in the Full-Body Experiment did not report similar significant results.

They did not substantially differ regardless of users perceive haptic feedback, even adding

the influence of the fingertip device. Even so, the general tendency was similar to that in

HR responses, changes were smoother, and alterations owing to sudden events in the virtual
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scenario were almost negligible.

The comparison between both responses is feasible since both the VE and the procedure

in the last two experiments were alike. The procedure consisted of an initial quiet phase

and several stressful phases in which participants must carry out the entrusted tasks quickly

to finish the experience. Both HR and SC responses revealed an upward trend since the

beginning (quiet phase) to the end of the experience (stressful phases), denoting that the

user’s involvement increases when they perceive stress, distressing or anxiety sensations.

Furthermore, HR responses were always more striking than SC ones, which did not show

similar urgency or stress sensations during the Full-Body Experiment as compared with HR

responses during the shooting or the evacuation of Experiment 3. Therefore, in this case,

results reported that HR is more helpful to assess stressful VEs and the influence of haptic

stimuli on the user’s experience.

HR and SC responses show noticeable correlations to scores of subjective surveys which

assess the immersion and the sense of presence. The HR showed more evident variations

than the SC, and it denoted a significant involvement when users perceived haptic feed-

back. Moreover, subjective responses about haptic stimuli always yielded high scores, and

general ratings of surveys usually rose after a condition in which users perceive the entire

multimodality of the VR system. Summarising, both subjective and objective surveys in

Experiment 3 revealed that haptic stimuli are vital for enhancing the performance of virtual

scenarios.

Oppositely, the subjective questionnaire solely yielded a significant difference in the

Full-Body experiment when users inserted the code in the keyboard, and they perceived cu-

taneous feedback over the fingertip. SC responses rose gradually throughout the experience,

and striking variations appeared coinciding with several phenomena, such as nearby explo-

sions. However, these responses barely differed when either the vest or the fingertip device

rendered haptic feedback, although subjective assessments of both devices were always high

(particularly those of haptic stimuli). The SC seemingly require much more noteworthy

events to trigger significant variations, reinforcing the usefulness of HR responses to assess

stressful VR systems which include haptic devices.

In summary, the comparison between subjective responses and physiological measures

(mainly the HR) propose that users respond to the subjective questionnaires honestly, and

the VR system together with the haptic vest aid to reach high levels of immersion and sense

of presence in virtual scenarios.

7.0.2 Final Considerations about Haptic Feedback

The validation verified the proper operation of the haptic vest from the first steps of the

design. There were some minor failures in both vibrotactile and thermal actuation systems,

but corrective actions were carried out to resolve them. Thereby, the following versions of
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the vest accomplished an appropriate perception of all haptic stimuli (vibrotactile, thermal,

and impact feedback).

The three VR experiments assessed haptic stimuli and the influence of the vest on stress-

ful VEs. Ratings were high in the three experiments, denoting that users considered haptic

stimuli were useful for improving virtual experiences. The haptic vest provided remarkable

information to enhance the involvement and the completion of the entrusted tasks, and it

also fostered stressful and distressing events. All those aspects contributed to increasing the

immersion and the sense of presence in the virtual scenario.

The objective measurements shed light on the truthfulness of the subjective surveys.

Subjective responses were subjected to biases because users responded based on their per-

ceptions and feelings. However, both HR responses and autonomous physical reactions

denoted the relevance of haptic stimuli since they revealed sharper variations when the hap-

tic vest rendered vibrotactile, thermal, and impact stimuli related to virtual events (e.g.

explosions or shots). The joint rendering of visual, auditory, and haptic feedback entailed a

greater involvement in the virtual scenario according to subjective and objective responses.

Therefore, the haptic vest comes out as an undeniable helpful tool to improve the user’s

experience and increase the performance in stressful virtual scenarios.

Likewise, haptic stimuli also enhanced the realism of the VR system. The addition of

haptic feedback got the virtual scenario resembles the reality, which consequently affected

subjective sensations. All assessments reported both haptic stimuli and the virtual scenario

were realistic and, hence, users could get on as if they were in a real situation. Moreover,

good ratings about the realism of visual, auditory, and haptic stimuli endorsed the excellent

ratings of subjective evaluations, as well as the complete configuration of the multimodal

VR system.

SC responses reported less reliable results since the Full-Body Experiment yielded good

scores regarding haptic stimuli, but physiological responses solely showed significant differ-

ences when users interacted actively with the VE. Nevertheless, subjective assessments were

similar to those in Experiment 3, and the similarity of both VEs implies that the HR is the

most appropriate measure to evaluate the user’s condition in a VR system which renders

visual, auditory, and haptic feedback.

Despite the undeniable usefulness of haptic stimuli rendered through the vest, every

VR system requires a particular configuration and different stimuli to further the user’s

experience. The first step for integrating a haptic vest into a VE is a study about the features

of the scenario and events throughout the experimental procedure. In such a manner,

the selected haptic stimuli boost the user’s experience and the general performance of the

application. Each scenario may need different kinds of feedback (vibrotactile, thermal or

impact) hinging on the information that the VE intends to convey so that users complete the

tasks. The right selection may foster the immersion and the sense of presence in the virtual
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scenario, the interactions with elements or avatars, and the easiness to fulfil the proposed

tasks and objectives.

Therefore, the haptic vest enhances the user’s experience and the performance in stress-

ful and distressing virtual scenarios. Users interact with virtual elements (either objects or

avatars) and notice events more realistically when they perceive haptic stimuli. Further-

more, they receive more information about what is happening in the virtual scenario, and

sensations are more similar to those in a real situation. The haptic feedback also entails an

enhanced sense of embodiment since users identify themselves with the controlled avatar,

and they carry out the tasks more efficiently and accurately.

In summary, the combined rendering of visual, auditory, and haptic stimuli allows a

conventional VR system (only visual and auditory feedback) may display VEs similar to

real scenarios. In this manner, the haptic vest is the differentiating attribute to improve the

immersion and the sense of being in the scenario, accomplishing that users undergo a virtual

experience as if they were in a real situation and mightily enhancing the performance and

the fulfilment of all objectives.

7.1 Future Work

This thesis has proven the usefulness of the haptic vest for VR systems. Notwithstanding,

there are improvements and additional works to strengthen and enhance the haptic device

and its integration into all kind of systems.

The textile design of final versions of the vest is optimal. Users rightly perceive haptic

stimuli over all the body areas in Experiment 2 and the Full-Body Experiment. There

barely are some absences of perception which may be related to the vest’s fitting, but also

the experimental narrative of the procedure. Thus, there is still room for improving the

fitting to the skin by, for instance, employing innovative fabrics which might accomplish an

optimal adaptation to any body shape, even though it would be required new tailoring and

restructuring the actuation and driver systems of the haptic vest.

The current size and the configuration of the driver system may be detrimental for

comfortable usage. Reducing those systems by using technological innovations and the

acquired knowledge may lead to the development of less bulky driver modules with the

same or enhanced features. Smaller systems would ease the user’s movement when they

wear the haptic vest, the optimal perception of stimuli (vibrotactile, thermal and impact),

and improved integration into VR systems.

Haptic stimuli in this thesis usually consist of one kind of stimulation individually (vi-

brotactile, thermal or impact), and the explosions are the only virtual event which triggers

combined feedback. However, pushing forward the simultaneous usage of several kinds of

feedback may entail the creation of more intricate sensations and the conveyance of infor-
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mation coming from a larger quantity of events. Similarly, the intricacy of individual stimuli

can foster, although increasing the complexity of thermal and impact stimuli is feasible to

a lesser extent than for vibrotactile actuators. The addition of more impact actuators over

other body areas might allow a more reliable rendering of information stemming from sud-

den events, which might substantially affect the realism of interactions and the subjective

perception.

Adding new actuation systems may improve the capability of the haptic vest for creating

other haptic stimuli. New integrations require a complicated process to verify the feasibility

not to increase the weight or the bulkiness of the vest. Moreover, those systems must guar-

antee benefits for users that cannot be accomplished in other already existent manners. An

example would be the addition of an actuation system to render pressure, either employing

cables distributed over the vest or fabrics which stretch and contract depending on diverse

parameters. In this manner, haptic stimuli would achieve higher levels of realism, and ev-

ery actuation system would be dedicated exclusively to render realistic feedback (e.g. the

vibration motors would not be employed to simulate pressure sensations).

The haptic vest focuses on its integration into VR systems. Nevertheless, any HMI sys-

tem can benefit from using these haptic devices with several kinds of stimuli. The objective

is always to provide helpful stimuli to users when they carry out a specific task, either in a

VE or collaborating with whichever automatic system. A haptic vest can also supply cues

to guide users for performing a task or indicate the occurrence of unexpected events when

they are working. The only requisite is to conduct a thorough analysis for selecting the

haptic stimuli which provide the most useful information to these users. Thereby, the device

renders the selected stimuli, and the rest of actuation systems remain inoperative to avert an

overexposure to haptic feedback. Therefore, this haptic vest can improve the performance

of whichever HMI system by increasing the involvement of users during its daily work, and

fostering the completion of the entrusted tasks readily, rightly, and accurately.
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Appendix A

Actuation Systems

A.1 Vibrotactile Actuation System

This section states the two versions of the driver circuit to handle the operation of the

vibration motors.

A.1.1 Control System of ERM Motors

The two main components of the driver circuit are a microcontroller and a transistor, but

the circuit also needs some additional components in order to protect the motor and the

microcontroller against current spikes or power surges, among other likely issues.

The most efficient method to accomplish an accurate control of the motor operation

is the usage of Pulse-Width Modulation (PWM), which is based on powering the circuit

with a square wave of variable duty cycle in order to modulate the operating voltage [276].

The PWM is provided by a microcontroller which must bear the electrical exigencies of the

motor (i.e. the values of voltage and current stated in the previous section) to get proper

operation.

There are two options to control the haptic vest throughout the development: on the

one hand, an Arduino board with several PWM outputs which can provide voltages among

0 and 5 V (a range that matches with the operating voltage range of the motor). On the

other hand, a microcontroller which provides the same range of voltage, and whose pins can

be configured to serve as PWM outputs. Nevertheless, both configurations do not provide

the required current to rightly operate the motor (the current range is comprised between 0

and 40 mA), causing the motors to need an external power source to provide upper currents

and, consequently, to accomplish the proper operation.

The driver circuit is the same regardless of the controller since the circuit only needs a

PWM output, whereas the power source is always external. Figure A-1 shows the driver

circuit with an Arduino board.
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Figure A-1. The Arduino board controls the whole driver circuit via a PWM
output. If that output is high-level, the transistor allows the passage of current,
and the motor begins to vibrate until the output becomes low-level and the
motor stops. The diode and the capacitor are elements to protect the motor
against electromagnetic interferences and peaks of voltage.

The main component of the driver circuit is a MOSFET transistor (Q1 ). The PWM

output of the controller (11 in Figure A-1) is connected to the transistor base and, as the

transistor works as a switch, each PWM value allows passage of a specific current value

between the drain and the source. The motor is connected to the drain or the source

depending on the used transistor (N-type or P-type). When there is a current passing

through the transistor, it also passes through the motor, creating a voltage differential

between terminals and the ensuing vibration.

The components for the high-side mode (P-type transistor) are generally more expensive

and less efficient, and it is preferable to use an N-type transistor, configuring the circuit in

low-side mode. In this last configuration, the motor is placed between the power source

and the transistor drain, whereas the transistor source is connected to ground (see Figure

A-1). As stated above, the PWM applied to the transistor base creates a voltage among the

terminals and the corresponding vibration (e.g. if the PWM output is 5 V, the transistor

enters to saturation region, and the voltage among terminals of the motor is 5 V as well,

causing a vibration at maximum intensity).

The selection of the transistor hinges on general electrical requisites, although the most

important is the gate-source voltage (Vgs), which is the minimum value to activate the

transistor and to allow the flow of current. In this manner, considering this parameter and

the requisites of the whole driver circuit, the selected transistor is a power MOSFET (N-

Channel, 2N7002K - ON Semiconductor, Phoenix, USA) whose Vgs is 1 V (i.e. a value
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which both controllers can provide).

There are other demanded elements to achieve the circuit works as efficiently as possible.

Two elements must be in parallel with the vibration motor: on the one hand, a fly-back

diode to eliminate the current spikes which might generate the coils inside the vibration

motor. The selected option is a Schottky diode with a maximum direct current of 1 A that

can flawlessly bear those spikes. On the other hand, a suppression capacitor to limit the

voltage surges originated by sparks in the commutator due to electromagnetic noise; hence

a capacitor of 0.1 𝜇F is included in parallel as well.

Additionally, a pull-down resistor between the transistor base and ground (10 kΩ) is

desirable to sustain the transistor off while there is no voltage applied on the gate, avoiding

likely charges on the pins which might cause an unwanted motor operation. Moreover,

the current provided by both controllers may suddenly differ on occasions, appearing high

currents in the transistor gate which may cause a system failure, which may be prevented

by placing a resistor (1 kΩ) between the gate and the PWM output pin.

Notwithstanding, both controllers do not have enough PWM outputs to handle plenty of

motors concurrently, which entail the necessity of several controllers to handle the necessary

actuators over the torso to stimulate any area appropriately. There are then two possible

solutions: the usage of several coordinated controllers or an auxiliary circuit to enlarge the

number of PWM outputs of a single controller.

The second option is based on the usage of the TLC5940 (Texas Instruments, Dallas,

USA), a driver to control 16 digital/PWM outputs simultaneously by solely adding an

integrated circuit and some resistors to the original driver circuit. Each transistor gate is

then connected to an output of this driver instead of the controller pin, although the gate

resistor maintains the same connections. The connection between the power source and

each PWM output requires a pull-up resistor (220 Ω); otherwise, the driver would not be

capable of providing enough current to activate the transistor gate and create the subsequent

vibration. Figure A-2 shows the driver circuit using the driver and an Arduino controller.

A.2 Thermal Actuation System

This section states the driver circuit to manage the temperature on the side of the Peltier

cell attached to the user’s skin. It also states the procedure for selecting the adequate heat

sink to ensure optimal operation of the Peltier cell, and avoid damages over the user’s skin.

Finally, it states the driver circuit of the thermal control system and the calibration of the

thermal sensor.
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Figure A-2. The TLC5940 driver is connected to the Arduino board, and each
output (1 to 15 pins) is connected to the driver circuit of the motor, which
is similar than the driver circuit in Figure A-1. The circuit also requires the
addition of a pull-up resistance in each output to ensure the motors’ operation.
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Figure A-3. The circuit is composed for an H-bridge (Q5, Q6, Q13, and Q14
transistors) powered to 5 V, which is controlled using a digital output of the
correspondent controller. To invert the polarity of the bridge is necessary an
additional transistor (Q1). Moreover, a pull-up resistor (R9) is demanded to
operate the bridge properly. The Q21 transistor and the R13 resistor form a
current limiter (controlled by PWM) to handle the current passing through the
Peltier cell at every moment (that is connected between P1 and P2).

A.2.1 Control System of Peltier Cells

The same ceramic plate of a Peltier cell can transmit heat and cold stimuli by reversing the

voltage polarity among cell terminals. That reversal prompts a change in the direction of

the current flowing through the Peltier cell and the consequent reversal in temperatures of

both plates. To this end, the cells have to be handled utilising a driver circuit which must

be capable of inverting the voltage, and controlling the temperature of the stimuli displayed

over the users’ skin. The circuit must accomplish an accurate regulation of temperature to

avoid the Peltier cell exceeds the thermal pain limits when the plate is contacting with the

users’ skin (i.e. the temperature must remain between 15 and 45 oC ).

The simplest solution to control the voltage polarity is an H-Bridge which is commonly

used with various devices such as motors or sensors. These circuits are usually embedded

in an integrated circuit, but they are not suitable to integrate into the driver circuit (those

integrated circuits have large sizes for this device and bear low currents). It is then preferred

creating a customised H-Bridge whose single components bear the normal currents without

risk of permanent damage. The whole circuit is shown in Figure A-3.

The H-Bridge is composed of four power MOSFETs (Metal-Oxide-Semiconductor Field-
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Effect Transistor) which can bear high currents and powers. On the one hand, two N-type

MOSFET (IRFR2405PBF, Infineon Technologies AG, Neubiberg, Germany) with a variable

maximum drain current between 40 and 56 A, besides a maximum power dissipation of 110

W ; on the other hand, two P-type MOSFET (IRFR5305TRPBF, Infineon Technologies AG,

Neubiberg, Germany) with the same power dissipation, even though the drain current varies

between 22 and 31 A. The electrical features of both transistors amply fulfil the requisites

to support the Peltier operation.

Both the Arduino board and the microcontroller handle the operation of the bridge

through a digital output pin. The output has a direct connection with one side of the

bridge, but there are additional components to connect with the facing side. This secondary

circuit consists of an N-type MOSFET (similar to the N-MOSFETs on the bridge), a resistor

to protect the output pin from parasite currents provided by the circuit (560 Ω), a pull-down

resistor (56 kΩ) to ensure the MOSFET is deactivated if the output pin value is null, and a

pull-up resistor (10 kΩ) in order to prevent the simultaneous activation of both sides of the

bridge.

The Peltier cell is connected in the middle of the bridge, and a branch of the bridge

activates depending on the digital output. The current flows then in a direction, causing

temperature variations on the ceramic plates. If the digital output changes, the current flow

reverses and the plates reverse the rendered temperature as well.

Nevertheless, the Peltier cell requires the permanent control of the passing current in

order to avoid high values that might harm the components of the driver circuit or users’

skin if the temperature is beyond the pain limits.

The solution is to add a current regulator between the H-Bridge and ground which is

composed of an N-type MOSFET (FZT688BTA, Diodes Zetex Ltd., Oldham, UK) and a

resistor (1.5 kΩ) between the gate and a PWM output of the controller. The PWM output

affords to modify the voltage on the gate, handling the current passing through the transistor

and, therefore, the current flowing through the Peltier cell.

Both the Arduino board and the microcontroller contain enough outputs to manage

those driver circuits (a digital and a PWM output); thus, it is not a constraining factor to

select the definitive controller of the haptic vest.

A.2.2 Selection of the Heat Sink

The Peltier cell requires a heat sink in order to dissipate heat excesses during the typical

operation, avoiding an overheating in the driver circuit or the plates of the cell. The selection

of the heat sink strongly depends on the technical operating features of the Peltier cell, as

well as the characteristics of the heat dissipation [277].

Firstly, it is needed to define the thermal resistance (RT) of the component from which

the heat must be dissipated. This value relates the temperature difference between two
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distinct locations (ΔT ) to the rate of heat dissipation (Q) (see equation A.1).

𝑅𝑇 =
Δ𝑇

𝑄
(A.1)

Even though the thermal resistance is the result of adding up several sub-terms: the

Peltier cell thermal resistance (Rp), the heat sink resistance (Rhs), and the thermal resistance

in the junction between the cell and the sink (Rphs). Furthermore, the temperature difference

(ΔT ) is defined as the difference between a specific high temperature reachable on one side

of the Peltier (Tp), and the ambient temperature (Ta). Therefore, the equation A.1 can also

be written as the equation A.2.

𝑅𝑇 = 𝑅𝑝 +𝑅ℎ𝑠 +𝑅𝑝ℎ𝑠 =
𝑇𝑝 − 𝑇𝑎

𝑄
(A.2)

Ascertaining the value of Rhs allows the selection of an appropriate heat sink, which

must dissipate a specific amount of heat to ensure the correct operation of Peltier cells (see

equation A.3).

𝑅ℎ𝑠 =
𝑇𝑝 − 𝑇𝑎

𝑄
−𝑅𝑝 −𝑅𝑝ℎ𝑠 (A.3)

Conversely, Rp is dismissed since the heat to dissipate gets away from the external surface

of the ceramic plate. Hence, the definitive formula to find out the required resistance value

is the equation A.4.

𝑅ℎ𝑠 =
𝑇𝑝 − 𝑇𝑎

𝑄
−𝑅𝑝ℎ𝑠 (A.4)

The interstice between the Peltier cell and the heat sink is filled in with thermal paste

of high thermal conductivity (k) to ease and enhance the heat dissipation to the heat sink,

and, consequently, to the ambient. Thereby, the resistance value of the junction is related

to two factors: the conductivity of the junction and a dimensional estimation of the inter-

stice between elements. The selected thermal paste (RS Components; Corby, UK), has a

conductivity of 2.9 W/(m · K), and the equation A.5 provides the resistance value.

𝑅𝑝ℎ𝑠 =
𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝐴𝑟𝑒𝑎

1

𝑘
(A.5)

Therefore, the resistance value hinges on the estimation of the thickness and the area of

the interstice. The thickness value is difficult to obtain, but an appropriate value is 0.0005

m (0.5 mm), whereas the area value is the contact area between the Peltier cell and the

heat sink, supposing that the thermal paste fills the utter junction. If a side of the Peltier

is 23 mm, the area is 23 x 23 = 529 mm2 = 0.000529 m2. The equation A.6 provides the

resistance of the interstice.
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𝑅𝑝ℎ𝑠 =
0.0005

0.000529

1

2.99
= 0.33

o𝐶

𝑊
(A.6)

The next step is to select the temperatures to obtain the difference to work out the

resistance. The selection is based on the typical temperatures bearable by a Peltier cell

during its operation. On the one hand, Ta is defined as a value slightly superior to the

normal ambient temperature (around 25-30 oC ). The temperature is higher since the cell

is continuously attached to the human body, and the base temperature is established at

32 oC. On the other hand, the temperature of the Peltier cell is selected according to an

adverse case, for instance, a failure in the control system, which prompts a rising to 100 oC.

Additionally, the rate of heat dissipation takes an average value of heat pumping capacity

provided by the manufacturer (Q = 12 W ). Thereby, Rhs is obtained from the equation A.7.

𝑅ℎ𝑠 =
𝑇𝑝 − 𝑇𝑎

𝑄
−𝑅𝑝ℎ𝑠 =

100− 32

12
− 0.33 = 5.34

o𝐶

𝑊
(A.7)

The obtained value of Rhs is low, and practically any heat sink has a superior thermal

resistance. Notwithstanding, Peltier cells do not solely demand a heat dissipation, but they

also require to avoid an overheating on the other side of the cell when is cooling, maintaining

the cold temperature as long as possible. Therefore, the requirements are more demanding,

and Rhs must be higher in order to guarantee the enhanced operation of the whole system.

The selection must also be based on the dimensions and the shape of the heat sink. The

selected element must have the same or a larger area than the Peltier cell to match with the

dimensional values used during the calculations, besides a flat face to attach the cell to the

heat sink readily.

The selected model is the 374324B00032G (Aavid Thermalloy, division of Body Corpo-

ration (California, USA)) that is shown in Figure A-4. The model is a square heat sink of

27 mm of side and a height of 10 mm (a low height is also helpful to avoid an excessive

bulkiness of the vest). The heat sink is made of aluminium, and it has a thermal resis-

tance with natural convection (no fans are needed) of 30.6 oC/W. The resistance value is

remarkably larger than the estimated value but is appropriate since it fulfils the demanding

requirements to guarantee a convenient operation, assuring the maintenance of the target

temperature during prolonged times.

A.2.3 Driver Circuit of the Thermal Control

The resistance of Peltier cells varies according to the current flowing through the inner

semiconductors. These actuators do not follow Ohm’s law, and the relationship between

current and voltage is not linear. Hence, there is an additional difficulty to control the

temperature on the ceramic plate attached to the user’s skin.

In such a manner, the cell resistance varies in line with the temperature gradient among
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Figure A-4. The heat sink is attached to a cell side to dissipate the generated
heat when the other side is cooling (Aavid Thermalloy, New Hampshire, USA -
www.boydcorp.com/aavid) .

cell sides. As an example, if the voltage remains fixed, the temperature gradient increases

owing to the prolonged operation of the actuator and, consequently, the current increases

as well. To avoid problems caused by unwanted temperatures, the temperature of the plate

must be controlled in order to continuously adjust the current passing through the Peltier

cell and maintain the same temperature on that side with minimum errors.

The thermal system must be current-controlled to handle the temperature displayed

over the users’ skin. The control requires a temperature sensor attached to the same plate,

which is in contact with the skin, creating a closed-loop control system capable of accurately

adjusting the temperature according to the VR system requirements.

The thermal sensor must be small in order to attach it to the Peltier plate which is

contacting with the skin; besides, the sensor must not reduce the contact area not to be

detrimental to the transmission of temperature. The selected sensor is a Resistance Tem-

perature Detector (RTD) consisting of a platinum resistance which varies depending on the

surface temperature wherein is attached. The Pt-100 can detect temperatures among -50

and 500 oC, being enough to measure temperatures within the operating range of the cells.

According to the datasheet, its accuracy is 0.3 ± 0.5 %, being an acceptable value since

users are not able to detect these minor variations on the torso [278]. Figure A-5 shows the

sensor and its size as regards a Peltier cell.

A Pt-100 sensor is a varying resistance with a value 100 Ω when the temperature is 0
oC. The resistance value indicates the temperature according to a Resistance-Temperature

(R-T) relation provided by the manufacturer. Thereby, an additional circuit measures the

value while the sensor is attached to the Peltier cell, handling the temperature rendered

over user unfailingly. The necessity of rendering precise temperatures not to exceed thermal

pain thresholds requires the sensor characterisation to adjust the R-T relation during the
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Figure A-5. The image shows the selected Pt-100 sensor above a Peltier cell
to check the size. The sensor is small not to hinder the rendering of thermal
sensations over the skin.

specific operating conditions. In this manner, the control system is always aware of the

actual temperature of the cell over the user’s skin.

A standard method to measure unknown resistances is a Wheatstone bridge consisting

of two legs wherein there are two resistances. One leg contains the unknown resistance (the

Pt-100 sensor), and its variation modifies the balance of the bridge, altering the voltage value

between both legs. The voltage values serve to obtain the value of the variable resistance

after resolving the equations of the bridge. In this case, the bridge has a power supply of 5

V (as the rest of driver circuits) and three fixed resistances (two of 1 kΩ and one of 100 Ω)

(see Figure A-6).

Nevertheless, the balance barely varies when the sensor changes its resistance (e.g. a

change of one Celsius degree corresponds with a voltage variation of 0.003 V between legs),

thus the resolution is not high enough to readily detect the changes and use them for

controlling the system. It is then needed an instrumentation amplifier to enlarge the output

of the Wheatstone bridge.

The instrumentation amplifier is a circuit composed of two operational amplifiers (MCP602-

I/SN; Microchip Technology Inc., Arizona, USA) and several resistances that must be de-

fined (see Figure A-6). This kind of circuit is characterised by its gain (G) which exclusively

depends on the resistances of the circuit (see equation A.8 and Figure A-6).

𝐺 = 1 +
𝑅4

𝑅3
+

2𝑅2

𝑅𝐺
(A.8)

If R2 = R3 = R4 = 22Ω and RG = 3.3 kΩ, the gain is 15.33. In this manner, the output

value of the Wheatstone bridge is multiplied by the gain and the resolution is considerably
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Figure A-6. The driver circuit is composed of a Wheatstone bridge and an
instrumentation amplifier. The three resistances (R6, R7, and R8) compose the
Wheatstone bridge along with the Pt-100 sensor. The voltage between V1 and
V2 changes when the resistance of the sensor varies and that value serves to
obtain the temperature of the Peltier cell. However, the values at the bridge
output is low, and the variations between V1 and V2 are quite small. The
instrumentation amplifier allows obtaining a high value in the output (Vout) in
order to ease the calculations.
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increased (a change of one Celsius degree would correspond now with an output of 0.05 V ),

being then handily construable by the control system. The usage of operational amplifiers

requires a negative voltage to accomplish the proper operation of the device, and a pump

charge (TC7660SEOA; Microchip Technology Inc., Arizona, USA) is included on the circuit

to reverse the power voltage, obtaining a value of -5 V. Equation A.9 yields the resistance

value of the Pt-100 as of the output of the instrumentation amplifier (Vout).

𝑅𝑝𝑡 =
14239.5454 + 1000𝑉𝑜𝑢𝑡

142.39545− 𝑉𝑜𝑢𝑡
(A.9)

A.3 Impact Actuation System

This section states the two possible driver circuits to control the impact actuator, namely:

the time-controlled circuit and the button-based circuit.

A.3.1 Control System of the Impact Actuator

The impact feedback system must create sudden stimuli associated with shots, the shrapnel

of an explosion, and similar virtual events. Therefore, the stimuli must have a short latency

as regards the signal coming from the virtual scenario. The driver circuit must work with

minimum delays in order to achieve a simultaneous visualisation and perception of the

corresponding stimuli.

There are two options to control the impact actuator, although its usage does not require

changes about the PCB configuration or the addition of new components:

1. Time-controlled system: the motor rotates during a prearranged time which coincides

with the time necessary to load the firing pin, and release it when the system sends

the signal.

2. Button-based system: the cam pressures a push-button (DM-SSM 01 C L2; Knitter-

Switch, Baldham, Germany) when the firing pin is completely loaded (see Figure 3-22).

The system stops until the virtual scenario sends a new signal, then the impact takes

place, and the spring is reloaded, waiting for a new signal.

The time-controlled system needs a driver circuit to control the operation of the linear

motor. The circuit (see Figure A-7) is composed of an N-type MOSFET operating as a switch

(IRFR4105ZPBF; Infineon, Neubiberg, Germany), a resistor (1 kΩ) between the MOSFET

gate and the output pin of the controller to avoid parasite currents, and a pull-down resistor

(10 kΩ) to ensure the transistor turns off while the PWM output is low-level. This system

only needs a digital output pin of the controller that becomes high-level when the virtual

scenario sends the signal, and it becomes low-level after the prearranged time of actuation.
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Figure A-7. The circuit is composed of a transistor which is connected to the
motor. When the base is powered to high-level, the transistor opens, and the
motor begins to rotate. The system needs a logic OR gate to power the transistor
with 5 V instead of 3.3 V that is the standard voltage value of outputs in the
selected microcontrollers.

In this case, the rotation time must be adjusted according to the operating frequency of

the microcontroller (i.e. it must be redefined depending on the controller). The process is

utterly empirical so that the actuator generates a unique impact when the virtual scenario

sends the signal. If the time is not adequately defined, the system could generate a null

stimulus or even several consecutive impacts which would lead to misunderstanding the

stimuli.

On the other hand, the button-based system makes use of a push button that the cam

pressures after loading the torsion spring. The button sends a signal to the microcontroller

for indicating that the spring is loaded and ready for generating a new impact. In such a

manner, the system solely needs an additional digital input pin to know the current state

of the actuator.

The operation slightly changes since now the actuator is preloaded and is activated

when the virtual scenario sends an impact signal, which reduces the latency and eases

the synchronisation between visual and haptic stimuli. After each impact, the actuator

automatically loads the firing pin to prepare itself for a new signal.

The button-based system evinces another advantage regarding the time-controlled sys-

tem: the impact stimulus does not hinge on empirical values that could be affected by

diverse circumstances. For instance, a failure on the timers or the clock of the microcon-

troller may eventually generate several successive impacts instead of a single one, among

other bothersome issues.

Some stimuli require more than one impact, such as the simulation of the shrapnel of

an explosion, which may prompt several impacts by using the same actuator. Both systems

are adjustable when a stimulus consists of, for instance, three consecutive impacts: the
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time-controlled system must treble its operation time, and the button-based system must

disregard the first two stop signals.
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Appendix B

Contingency Tables of the Validation

Experiment

This annex states all the contingency tables of the validation experiment. The first table in

each section includes NP and TF patterns, which do not appear in the contingency tables of

the Chapter 5, Section 5.1, and the second table appears the contingency tables for correct

and wrong patterns.
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Table B.1
Absolute perception of vibrotactile patterns - Correct, wrong, Non-Perceived

and Technical Failures rates

LIN ANG1 ANG2 RIP1 AIP1 AIP2

Correct 80 % 70 % 30 % 40 % 55 % 65 %
Wrong 15 % 15 % 60 % 35 % 20 % 5 %
Non-Perceived 5 % 5 % 10 % 15 % 25 % 30 %
Technical Failure 0 % 10 % 0 % 10 % 0 % 0 %

DIP1 DIP2 RIP2 CRC1 CRC2

Correct 70 % 70 % 45 % 40 % 58.75 %
Wrong 15 % 0 % 45 % 55 % 35 %
Non-Perceived 10 % 30 % 10 % 5 % 6.25 %
Technical Failure 5 % 0 % 0 % 0 % 0 %

Table B.2
Absolute perception of vibrotactile patterns - Correct and wrong rates

LIN ANG1 ANG2 RIP1 AIP1 AIP2

Correct 84.21 % 82.35 % 33.33 % 53.33 % 73.33 % 92.86 %
Wrong 15.79 % 17.65 % 66.67 % 46.67 % 26.67 % 7.14 %

DIP1 DIP2 RIP2 CRC1 CRC2

Correct 82.35 % 100 % 50 % 42.11 % 62.67 %
Wrong 17.65 % 0 % 50 % 57.89 % 37.33 %
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Table B.3
Perception of Number of Vibrations - Absolute perception and perception
concerning each vibrotactile feature - Correct, wrong, Non-Perceived and

Techical Failure rates

(1) Absolute perception - Number of Vibrations

2P 3P 4P 5P 7P

Correct 100 % 54.69
%

47.5 % 45 % 51.25
%

Wrong 0 % 11.25
%

33.75
%

45 % 46.25
%

Non-Perceived 0 % 32.5 % 11.88
%

10 % 2.5 %

Technical Failure 0 % 1.56 % 6.87 % 0 % 0 %

(2) Number of Vibrations vs. Duration of Stimuli

250 500 750 1000 Random

Correct 47.5 % 63.75
%

45 % 71.88
%

45 %

Wrong 32.5 % 27.08
%

25 % 8.13 % 45 %

Non-Perceived 20 % 9.17 % 20 % 15 % 10 %
Technical Failure 0 % 0 % 10 % 4.99 % 0 %

(3) Number of Vibrations vs. Shape of Patterns

Linear Angular Circular

Correct 66.25 % 56.88 % 51.25 %
Wrong 8.75 % 28.75 % 46.25 %
Non-Perceived 23.75 % 10 % 2.5 %
Technical Failure 1.25 % 4.37 % 0 %

(4) Number of Vibrations vs. Variations in Intensity

Continuous Ascending Descending

Correct 60 % 60 % 72.5 %
Wrong 25 % 12.5 % 5 %
Non-Perceived 10 % 27.5 % 20 %
Technical Failure 5 % 0 % 2.5 %

315



Table B.4
Perception of Number of Vibrations - Absolute perception and perception

concerning each vibrotactile feature - Correct and wrong rates

(1) Absolute perception - Number of Vibrations

2P 3P 4P 5P 6P

Correct 100 % 82.94 % 58.46 % 50 % 52.56 %
Wrong 0 % 17.06 % 41.54 % 50 % 47.44 %

(2) Number of Vibrations vs. Duration of Stimuli

250 500 750 1000 Random

Correct 59.38 % 70.18 % 64.29 % 89.84 % 50 %
Wrong 40.62 % 29.82 % 35.71 % 10.16 % 50 %

(3) Number of Vibrations vs. Shape of Patterns

Linear Angular Circular

Correct 88.33 % 66.42 % 52.56 %
Wrong 11.67 % 33.58 % 47.44 %

(4) Number of Vibrations vs. Variations in Intensity

Continuous Ascending Descending

Correct 70.59 % 82.76 % 93.55 %
Wrong 29.41 % 17.24 % 6.45 %
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Table B.5
Perception of Shape of Patterns - Absolute perception and perception

concerning each vibrotactile feature - Correct, wrong, Non-Perceived and
Technical Failure rates

(1) Absolute perception - Shape of Patterns

Linear Angular Circular

Correct 67.5 % 68.75 % 59.38 %
Wrong 10 % 15 % 38.13 %
Non-Perceived 21.25 % 11.88 % 2.49 %
Technical Failure 1.25 % 4.37 % 0 %

(2) Shape of Patterns vs. Duration of Stimuli

250 500 750 1000 Random

Correct 65 % 68.75
%

55 % 65 % 55 %

Wrong 10 % 20.83
%

15 % 11.88
%

30 %

Non-Perceived 25 % 10.42
%

20 % 18.13
%

15 %

Technical Failure 0 % 0 % 10 % 4.99 % 0 %

(3) Shape of Patterns vs. Number of Vibrations

2P 3P 4P 5P 7P

Correct 100 % 65.94
%

68.13
%

50 % 57.5 %

Wrong 0 % 8.13 % 13.13
%

33.13
%

39.38
%

Non-Perceived 0 % 15 % 11.88
%

16.87
%

3.12 %

Technical Failure 0 % 10.93
%

6.86 % 0 % 0 %

(4) Shape of Patterns vs. Variations in Intensity

Continuous Ascending Descending

Correct 72.5 % 57.5 % 65 %
Wrong 11.25 % 10 % 7.5 %
Non-Perceived 11.25 % 32.5 % 25 %
Technical Failure 5 % 0 % 2.5 %
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Table B.6
Perception of Shape of Patterns - Absolute perception and perception

concerning each vibrotactile feature - Correct and wrong rates

(1) Absolute perception - Shape of Patterns

Linear Angular Circular

Correct 87.1 % 82.09 % 60.89 %
Wrong 12.9 % 17.91 % 39.11 %

(2) Shape of Patterns vs. Duration of Stimuli

250 500 750 1000 Random

Correct 86.67 % 76.74 % 78.57 % 84.55 % 64.71 %
Wrong 13.33 % 23.26 % 21.43 % 15.45 % 35.29 %

(3) Shape of Patterns vs. Number of Vibrations

2P 3P 4P 5P 6P

Correct 100 % 89.03 % 83.85 % 60.15 % 59.35 %
Wrong 0 % 10.97 % 16.15 % 39.85 % 40.65 %

(4) Shape of Patterns vs. Variations in Intensity

Continuous Ascending Descending

Correct 56.58 % 85.19 % 89.66 %
Wrong 13.42 % 14.81 % 10.34 %

Table B.7
Absolute perception of Variations in Intensity - Correct, wrong, Non-Perceived

and Technical Failure rates

Continuous Ascending Descending

Correct 82.5 % 67.5 % 77.5 %
Wrong 0 % 0 % 0 %
Non-Perceived 12.5 % 32.5 % 20 %
Technical Failure 5 % 0 % 2.5 %

Table B.8
Absolute perception of Variations in Intensity - Correct and wrong rates

Continuous Ascending Descending

Correct 100 % 100 % 100 %
Wrong 0 % 0 % 0 %

318



T
a
b
le
B
.9

P
e
rc
e
p
ti
o
n
o
f
th
e
A
p
p
e
a
ra
n
c
e
a
re
a
-
A
b
so
lu
te

p
e
rc
e
p
ti
o
n
a
n
d
p
e
rc
e
p
ti
o
n
c
o
n
c
e
rn
in
g
e
a
ch

v
ib
ro
ta
c
ti
le
fe
a
tu
re

-
C
o
rr
e
c
t,
w
ro
n
g
,
N
o
n
-P
e
rc
e
iv
e
d
a
n
d
T
e
ch
n
ic
a
l
F
a
il
u
re

ra
te
s

U
L
F

U
R
F

L
L
F

L
R
F

U
L
B

U
R
B

L
L
B

L
R
B

C
o
rr
e
c
t

91
.8
2
%

89
.0
9
%

90
.9
1
%

92
.7
3
%

80
%

87
.2
7
%

40
.9
1
%

44
.5
5
%

W
ro
n
g

5.
45

%
0
%

1.
82

%
7.
27

%
20

%
9.
09

%
27
.2
7
%

5.
45

%
N
o
n
-P
e
rc
e
iv
e
d

2.
73

%
0
%

2.
73

%
0
%

0
%

0
%

31
.8
2
%

50
%

T
e
ch
n
ic
a
l
F
a
il
u
re
s

0
%

10
.9
1
%

4.
54

%
0
%

0
%

3.
64

%
0
%

0
%

(2
)
A
p
pe
a
ra
n
ce

A
re
a
vs
.
N
u
m
be
r
o
f
V
ib
ra
ti
o
n
s

U
L
F

U
R
F

L
L
F

L
R
F

U
L
B

U
R
B

L
L
B

L
R
B

C
o
rr
e
c
t

62
.7
3
%

52
.7
3
%

81
.8
2
%

75
.4
5
%

45
.4
5
%

57
.2
7
%

31
.8
2
%

33
.6
4
%

W
ro
n
g

31
.8
2
%

37
.2
7
%

10
.9
1
%

18
.1
8
%

50
%

31
.8
2
%

18
.1
8
%

5.
45

%
N
o
n
-P
e
rc
e
iv
e
d

5.
45

%
0
%

1.
82

%
6.
37

%
4.
55

%
7.
27

%
50

%
60
.9
1
%

T
e
ch
n
ic
a
l
F
a
il
u
re

0
%

10
%

5.
45

%
0
%

0
%

3.
64

%
0
%

0
%

(3
)
A
p
pe
a
ra
n
ce

A
re
a
vs
.
S
h
a
pe

o
f
P
a
tt
er
n
s

U
L
F

U
R
F

L
L
F

L
R
F

U
L
B

U
R
B

L
L
B

L
R
B

C
o
rr
e
c
t

76
.3
6
%

62
.7
3
%

77
.2
7
%

53
.6
4
%

85
.4
5
%

75
.4
5
%

22
.7
3
%

39
.0
9
%

W
ro
n
g

18
.1
8
%

26
.3
6
%

13
.6
4
%

35
.4
5
%

4.
54

%
14
.5
4
%

13
.6
4
%

0
%

N
o
n
-P
e
rc
e
iv
e
d

5.
46

%
0
%

4.
55

%
10
.9
1
%

10
%

7.
27

%
63
.6
4
%

60
.9
1
%

T
e
ch
n
ic
a
l
F
a
il
u
re

0
%

10
.9
1
%

4.
55

%
0
%

0
%

2.
74

%
0
%

0
%

(4
)
A
p
pe
a
ra
n
ce

A
re
a
vs
.
V
a
ri
a
ti
o
n
s
in

In
te
n
si
ty

U
L
F

U
R
F

L
L
F

L
R
F

U
L
B

U
R
B

L
L
B

L
R
B

C
o
rr
e
c
t

89
.0
9
%

80
%

91
.8
2
%

89
.0
9
%

88
.1
8
%

83
.6
4
%

33
.6
4
%

39
.0
9
%

W
ro
n
g

0
%

0
%

0
%

0
%

0
%

0
%

0
%

0
%

N
o
n
-P
e
rc
e
iv
e
d

10
.9
1
%

0
%

2.
73

%
10
.9
1
%

11
.8
2
%

11
.8
2
%

66
.3
6
%

60
.9
1
%

T
e
ch
n
ic
a
l
F
a
il
u
re

0
%

20
%

5.
45

%
0
%

0
%

4.
54

%
0
%

0
%

319



T
a
b
le
B
.1
0

P
e
rc
e
p
tio

n
o
f
th
e
A
p
p
e
a
ra
n
c
e
a
re
a
-
A
b
so
lu
te

p
e
rc
e
p
tio

n
a
n
d
p
e
rc
e
p
tio

n
c
o
n
c
e
rn
in
g
e
a
ch

v
ib
ro
ta
c
tile

fe
a
tu
re

-
C
o
rre

c
t
a
n
d
w
ro
n
g
ra
te
s

(1
)
A
bso

lu
te

percep
tio

n
-
A
p
pea

ra
n
ce

A
rea

U
L
F

U
R
F

L
L
F

L
R
F

U
L
B

U
R
B

L
L
B

L
R
B

C
o
rre

c
t

94.39
%

100
%

98.04
%

92.72
%

80
%

90.57
%

60
%

89.09
%

W
ro
n
g

5.61
%

0
%

1.96
%

7.27
%

20
%

9.43
%

40
%

10.91
%

(2
)
A
p
pea

ra
n
ce

A
rea

vs.
N
u
m
ber

o
f
V
ibra

tio
n
s

U
L
F

U
R
F

L
L
F

L
R
F

U
L
B

U
R
B

L
L
B

L
R
B

C
o
rre

c
t

66.35
%

58.59
%

88.24
%

80.58
%

47.62
%

64.29
%

63.64
%

86.05
%

W
ro
n
g

33.65
%

41.41
%

11.76
%

19.42
%

52.38
%

35.71
%

36.36
%

13.95
%

(3
)
A
p
pea

ra
n
ce

A
rea

vs.
S
h
a
pe

o
f
P
a
ttern

s

U
L
F

U
R
F

L
L
F

L
R
F

U
L
B

U
R
B

L
L
B

L
R
B

C
o
rre

c
t

80.77
%

70.41
%

85
%

60.2
%

94.94
%

83.84
%

62.5
%

100
%

W
ro
n
g

19.23
%

29.59
%

15
%

39.8
%

5.06
%

16.16
%

37.5
%

0
%

(4
)
A
p
pea

ra
n
ce

A
rea

vs.
V
a
ria

tio
n
s
in

In
ten

sity

U
L
F

U
R
F

L
L
F

L
R
F

U
L
B

U
R
B

L
L
B

L
R
B

C
o
rre

c
t

100
%

100
%

100
%

100
%

100
%

100
%

100
%

100
%

W
ro
n
g

0
%

0
%

0
%

0
%

0
%

0
%

0
%

0
%

320



Appendix C

Questionnaires and Surveys

This annex states the questionnaires that participants had to fill out in the three VR exper-

iments to assess the experience and the influence of the haptic feedback on the performance

of the VR system.

C.1 Subjective Questionnaire. Experiment 2.

∙ Block 1. Classification of Participants

1. Have you ever used a haptic device?

2. Have you ever used a VR device?

3. Have you ever worked with haptic or VR devices?

∙ Block 2. Contribution of Haptic Devices to Realism and Presence

1. How do you evaluate the realism level of your VR experience?

2. Do you think a haptic device could be useful to improve the presence and/or the

realism in VEs?

3. What parameter? Presence or realism?

∙ Block 3. Evaluation of Tactile Stimuli

1. Have you perceived any tactile stimulus?

2. Could you associate those stimuli with events happened in the VE?

3. What event do you associate with the tactile stimuli?

4. Evaluate the level of realism of the perceived tactile sensations

∙ Block 4. Evaluation of Thermal Stimuli

1. Have you perceived any thermal stimulus?
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2. Could you associate those stimuli with events happened in the VE?

3. What event do you associate with the thermal stimuli?

4. Evaluate the level of realism of the perceived thermal sensations

C.2 Subjective Questionnaire. Experiment 3.

∙ Block 1. Previous Expertise (PE)

1. Have you ever tried any virtual reality device?

2. Have you ever tried any similar virtual experience?

3. Have you ever tried any device gears toward virtual reality?

4. Do you think this device may improve the immersion and the presence in virtual

environments?

∙ Block 2. Attention (AT)

1. The general configuration of the virtual environment helps to focus the attention

on the experience.

2. Some events happened in the virtual environment have distracted you from your

objectives.

3. Some external stimulus to the virtual environment has distracted you from your

objectives.

4. Could you thoroughly describe the virtual environment? Avatars, elements, etc.

∙ Block 3. Configuration (CS)

1. The movements of avatars and elements in the virtual environment are natural.

2. There are elements which move unnaturally, and they imply losses of presence.

3. The elements have a realistic appearance and behaviour.

4. The events in the virtual experience happen realistically.

∙ Block 4. Interactivity (INT)

1. The virtual environment allows interacting with all elements.

2. The virtual interactions are comparable with real ones

3. The virtual environment responds naturally to virtual interactions

4. Virtual objects respond naturally to virtual interactions

5. Responses of virtual avatars to virtual interactions improve the sense of presence.
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6. Evaluate the empathy that you have perceived with other virtual avatars in the

virtual environment.

∙ Block 5. Embodiment (EMB)

1. Have you perceived the virtual avatar as a projection of you in the virtual envi-

ronment?

2. The visible parts of your virtual avatar improve the immersion in the virtual

environment

3. The controlled avatar moves naturally around the virtual environment when you

are controlling it

4. Are there losses of realism owing to erratic behaviours of the controlled virtual

avatar?

∙ Block 6. Haptics (HAP)

1. Have you perceived haptic stimuli during the experience?

2. Haptic stimuli are similar to perceptible sensations in real environments

3. Evaluate the realism of tactile stimuli

4. Evaluate the realism of thermal stimuli

5. Evaluate the realism of impact stimuli

6. Have haptic stimuli improved your attention on the virtual environment?

7. Associate the haptic stimuli to specific events in the virtual environment.

8. Haptic stimuli have helped you to identify events happening in the virtual envi-

ronment?

9. Evaluate the synchronisation between the events in the virtual environment and

the corresponding haptic stimuli

10. Have haptic stimuli helped you to feel you were close to the virtual avatars?

11. Evaluate the realism of interactions with virtual avatars

12. Have you feel more identification with your virtual avatar when you perceived

haptic stimuli?

13. Have haptic stimuli improved the performance of the virtual experience?

14. Have you perceived improvements in the immersion regarding the experience

without haptic feedback?

∙ Block 7. Multimodality (MS)
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1. The sound quality and the synchronisation with visual stimuli have improved

your immersion in the virtual environment

2. The usage of three kinds of feedback (visual, auditory, and haptic) improves the

immersion in the virtual environment

3. There is lack of synchronisation between the two/three kinds of feedback

∙ Block 8. Narrative & Emotional Presence (NEP)

1. Evaluate the time you perceived that you were in a virtual environment, and you

did not perceive the real one.

2. Have you watched a series of images or did you have the feeling of having been

in the virtual environment?

3. Have you perceived a loss of presence due to the duration of the experience?

4. Could you do the same actions in the virtual environment as regards a real one?

5. Evaluate your evasiveness from the real world while you were experiencing the

virtual environment.

6. Has the capability of exploring the virtual environment improved your sense of

presence?

7. The sequence of events is realistic

8. I have had the same thoughts than in a real situation

9. I have had the same feelings than in a real situation

10. Evaluate your sense of presence during the experience

11. Evaluate your attention to the real world while you were experiencing the virtual

environment

C.3 Realism Questionnaire. Experiment 3.

∙ Block 1. General (GR)

1. Evaluate the realism of the virtual environment

2. The geometry of elements is realistic

3. The lighting of the virtual environment is realistic

4. The visible parts of the avatar are realistic

5. The graphical quality is enough to get the utmost level of realism

6. The VR system allows adequate control of the virtual avatar

7. The geometrical proportion of elements are correct
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∙ Block 2. Sound (SR)

1. The ambient sound is realistic

2. The ambient sound is atmospheric

∙ Block 3. Multimodality (MR)

1. Visual and auditory stimuli are enough to fully perceive the virtual environment

2. Visual, auditory, and haptic stimuli are enough to fully perceive the virtual en-

vironment

∙ Block 4. Avatar (AR)

1. The movements of the controlled avatar are realistic

2. Your actions have an accurate reflection on the virtual environment

∙ Block 5. Environmental Avatars (EAR)

1. Virtual avatars respond realistically to my actions

2. Virtual avatars relate between them realistically

3. Evaluate the synchronisation between your actions and the ensuing multimodal

perception

4. The movements of the virtual avatars are realistic

∙ Block 6. Comparison with Reality (CR)

1. The information in the virtual environment is similar to that in a real environment

2. The field of view is enough and similar to that in a real environment

3. The tracking system is good enough to be realistic

4. The graphical quality of the virtual environment has allowed you to follow the

experimental narrative

5. The virtual environment responds properly to your head’s movements

6. The graphical quality of the virtual environment has allowed you to explore ad-

equately

C.4 Attention Survey. Experiment 3.

∙ What colour are the walls of the rooms?

∙ What colour is the conveyor for passengers?

325



Table C.1
Survey for evaluating the attention to the virtual scenario in Experiment 3

ID Element Yes No ZONE/S

1 Conveyors for passengers
2 Passport controls
3 Unattended desks
4 Elevators
5 Stairs
6 Chairs / Waiting room
7 Restrooms
8 Public phones
9 Automatic teller machines
10 Coffee shops
11 Chairs and tables (if there are coffee shops
12 Floor signage
13 Shops
14 Customs control
15 Scanner for baggage
16 Trolleys for baggage
17 Emergency doors
18 Closed rooms
19 Security cameras
20 Lockers
21 Postbox
22 Security personnel
23 Currency exchange offices
24 Are computer screen in offices on?
25 Are informative displays on?
26 Can you go out the terminal?
27 Sockets
28 Bins
29 Plants
30 Fire extinguishers
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∙ What colour are the chairs in the rooms?

∙ Who is behind the desks?

∙ What country is the port terminal in?

∙ Do you remember any item of the shops?

C.5 Subjective Questionnaire. Experiment 4.

∙ Block 1. Presence & Embodiment (PE)

1. Do you think the situations or events happened in the VE realistically?

2. Do you think the virtual environment was realistic?

3. Were you able to navigate in the virtual environment?

4. My interaction with the environment was natural

5. Did you feel your own body as if it was immersed in the virtual experience?

6. Did your virtual avatar move congruently with your actions in the VE?

7. Information coming from my various senses (vision, audio, haptic) was consistent

and congruent.

8. Were your senses involved in the virtual experience?

9. How do you evaluate your isolation from the real world while you experienced

the VE?

∙ Block 2. Tasks (TS)

1. Were you able to keep attention on the proposed task?

2. Were you able to memorise the code?

3. Did you feel any urgency in accomplishing the task?

4. Were you able to control hand movements (during the last part of the experience)?

5. Were you able to insert the code reliably?

∙ Block 3. Haptic Feedback (HF)

1. Do you think this kind of devices (haptic devices) are useful to increase the

immersion/presence in a VE?

2. The haptic feedback helped me in inserting the code

3. Do you think the haptic feedback was congruent with the virtual experience?

4. Do you think the thermal feedback was congruent with the virtual experience?
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∙ Block 4. Sense of Discomfort (DC)

1. Was the environment distracting you from the purpose of the task?

2. Was the auditory feedback distracting you from the purpose of the task?

3. Did you feel any discomfort (sickness, etc...) during the virtual experience?

4. Was the haptic feedback distracting you from the purpose of the task?
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Appendix D

Extended Results and Discussion of

Experiment 3

This annex contains the complete results of the subjective questionnaire, additional results to

further the understanding of HR responses, and extensions of the discussion for Experiment

3.

D.1 Results of the Subjective Questionnaire

Figures D-1 to D-7 contain results of all questions of the subjective questionnaire.

D.2 Results of the Heart Rate Responses

Figures D-8 to D-10 report results about the evolution of HR responses during phases (DMM

and DBE), and the evolution after events in the virtual scenario (EE-Ph) for comparisons

H-H2-NH and T1-T2-T3.

Figures D-11 to D-13 report results the evolution of HR responses during phases (DMM

and DBE), and the evolution after events in the virtual scenario (EE-Ph) for comparisons

Hp1-Hp2-Hp3 and NHp1-NHp2-NHp3.

D.3 Extended Discussion

D.3.1 Subjective Questionnaire

The next sections report additional information about the results of the subjective ques-

tionnaire. These data are not related to significant differences, but they provide relevant

knowledge about general scores and how they affect the objectives of the experiment.
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Figure D-1. The left graph shows the results of all questions of the attention
block (AT), and the differences between the Hs and the NHs condition. The
right graph shows the same results but considering the order of conditions (Ts1
and Ts2).

Figure D-2. The left graph shows the results of all questions of the configuration
block (CS) and the differences between the Hs and the NHs condition. The right
graph shows the same results but considering the order of conditions (Ts1 and
Ts2).
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Figure D-3. The left graph shows the results of all questions of the interactivity
block (INT) and the differences between the Hs and the NHs condition. The
right graph shows the same results but considering the order of conditions (Ts1
and Ts2).

Figure D-4. The left graph shows the results of all questions of the narrative &
experimental procedure block (NEP), and the differences between the Hs and
the NHs condition. The right graph shows the same results but considering the
order of conditions (Ts1 and Ts2).
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Figure D-5. Results of the HAP block do not differ significantly among Ts1 and
Ts2 conditions. Some questions yield low values, but they are usually above 4
points out of 7, denoting the appropriate quality of haptic feedback.

Figure D-6. The left graph shows the results of all questions of the multimodality
block (MS) and the differences between the Hs and the NHs condition. The right
graph shows the same results but considering the order of conditions (Ts1 and
Ts2).
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Figure D-7. The left graph shows the results of all questions of the embodiment
block (ES), and the differences between the Hs and the NHs condition. The
right graph shows the same results but considering the order of conditions (Ts1
and Ts2).

Figure D-8. Difference between the maximum and the minimum value of the HR
response in each phase. The values are normalised using as a reference to the
HR response in the previous phase (MPP). The left image shows the variations
depending on conditions when the haptic feedback is active, and the right image
shows the variations according to the order of realisation.
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Figure D-9. Differences between the HR response at the beginning and the end
of each phase. The values are normalised using as a reference to the HR response
in the previous phase (MPP). The left image shows the variations depending
on conditions when the haptic feedback is active, and the right image shows the
variations according to the order of realisation.

Figure D-10. Mean values of the HR response at instants immediately after
the events which mark the end and the beginning of each phase. The values
are normalised using as a reference to the HR response in the previous phase
(MPP). The left image shows the variations depending on conditions when the
haptic feedback is active, and the right image shows the variations according to
the order of realisation.
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Figure D-11. Difference between the maximum and the minimum value of the
HR response in each phase. The values are normalised using as a reference
to the HR response in the previous phase (MPP). The left image shows the
variations according to the order of realisation with haptic feedback, and the
right image shows the variations according to the order of realisation without
haptic feedback.

Figure D-12. Differences between the HR response at the beginning and the end
of each phase. The values are normalised using as a reference to the HR response
in the previous phase (MPP). The left image shows the variations according to
the order of realisation with haptic feedback, and the right image shows the
variations according to the order of realisation without haptic feedback.
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Figure D-13. Mean values of the HR response at instants immediately after
the events which mark the end and the beginning of each phase. The values
are normalised using as a reference to the HR response in the previous phase
(MPP). The left image shows the variations according to the order of realisation
with haptic feedback, and the right image shows the variations according to the
order of realisation without haptic feedback.

Comparison Hs-NHs The block NEP yields the highest ratings, and most of the ques-

tions yield ratings between 5 and 6 points. However, three questions report lower ratings

(3.5 points or below), denoting that users cannot evade entirely from the real world (question

NEP11), and they cannot develop the same thoughts and feelings than in a real situation

(questions NEP8 and NEP9). Although users may reach high levels of immersion attend-

ing to the rest of the blocks, the experimental narrative has still room for improving the

subjective perception of the scenario.

Questions of this block report higher ratings in the Hs condition, although question NEP1

indicates that long times undergoing the virtual scenario may entail losses of immersion when

users perceive haptic feedback. A plausible reason is an overexposure to simultaneous and

prolonged stimuli, which might exert a negative influence on the experience and worsen the

subjective perception.

There are significant differences neither in the block EMB nor in the block MS, even

though ratings are mostly higher in the Hs condition (see Figures D-7 and D-6). Despite the

seeming lack of significance, overall scores reveal that the synchronisation between visual,

auditory, and haptic stimuli is satisfactory, and the haptic vest is integrated rightly into the

VR system. Moreover, scores of block EMB denote that haptic stimuli may encourage the

sense of embodiment when users handle an avatar in the VE.

This approach does not allow an analysis of the HAP block because users only responded

336



to this block after the Hs condition, but scores are high in the majority of cases (around

5.5 points) (see Figure D-5). Users deem that haptic stimuli are reliable and useful to focus

the attention on the scenario, and they further are readily relatable to virtual events since

they are always appropriately synchronised with visual and auditory feedback stemming

from the virtual scenario. The control question (HAP14) also reports that users believe the

performance upsurges when they perceive haptic stimuli, increasing their immersion and the

sense of presence in the scenario.

The question HAP4 reports low assessments because the thermal feedback is low-intensity

since it is exclusively related to the physiological condition and the explosions. However,

high scores in Experiment 2 revealed that thermal feedback is undoubtedly beneficial to

improve the user’s experience. Contrarily, vibrotactile and impact stimuli are more power-

ful and predominate during the procedure, which leads to high scores concordant with the

general assessment of the block.

Finally, questions HAP11 and HAP12 yield low ratings since users believe that inter-

actions with other virtual avatars and haptic stimuli derived from those contacts need en-

hancements to improve the subjective perception. Summarising, although they know the

virtual scenario is not real and interactions are fictitious, users deem that haptic stimuli are

realistic and may simulate virtual events dependably, getting a full immersion and presence

in the VE.

Comparison Ts1-Ts2 The Ts2 condition reports higher or similar ratings for all questions

of the block AT. Users are more familiarised with the VE in more advanced conditions, and

they can explore quietly and attend to the details more thoroughly. Another option to

explain those scores is the influence of having filled out the objective survey about attention

after the first condition, which can lead users to boost its concentration for increasing their

performance in successive questionnaires. The block NEP reports some seeming differences,

but they do not follow the same tendency since some ratings improve in the Ts1 condition

(NEP2 or NEP9), but others improve in the Ts2 condition (NEP6, NEP7 or NEP8) (see

Figure D-4).

The rating of NEP2 implies that the VE is realistic, and the procedure follows a sound

narrative. That realism may lead to scores of the question NEP9 since users refer their

feelings are more similar to the real ones in the condition Ts1. The drop in the follow-

ing condition is also related to the habituation because users perceive flaws more easily,

prompting a slight degradation of the virtual experience.

Notwithstanding, users deem that they can explore the environment easily in the con-

dition Ts2 (NEP6), besides they consider the narrative (NEP7) or the developed thoughts

more realistic (NEP8). Questions NEP1, NEP9, and NEP11 yield low ratings as regards the

rest of the block, even though assessments are still high (around 4 points). Those results
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prove the potential of this VR system and this experimental narrative to enhance the sub-

jective perception, but there are still aspects to correct so that users can develop the same

thoughts and feelings than in a real environment.

Ratings of blocks INT and MS are practically equal in both conditions. It is not feasible

to attain sound conclusions, but high ratings hint that both the multimodality and the

interactivity are appropriate during the whole experiment.

D.3.2 Heart Rate Responses

The next sections report additional information about the evolution of HR responses during

phases (DMM and DBE) and the evolution after events in the virtual scenario (EE-Ph).

These data are useful to comprehend the conclusions about the mean values of phases which

appear in Chapter 6, Subsection 6.1.6. This section also states the discussions about the

comparisons Hp1-Hp2-Hp3 and NHp1-NHp2-NHp3.

Comparison H-H2-NH HR responses substantially differ when the first explosion befalls

(EE-Ph1.2), and users perceive haptic feedback (H and H2 conditions), whereas the value

is steady when the haptic vest does not render stimuli. These responses reveal that users

are more involved in the virtual scenario, and they react suddenly when they actively notice

virtual events, such as blows, explosions or thermal changes.

Results of DMM-Ph2 and DBE-Ph2 yield two significant differences between the H con-

dition, and H2 and NH conditions. Responses accentuate in both H and H2 conditions

because users perceive virtual events (e.g. contacts with avatars or explosions) through

visual, auditory, and haptic feedback simultaneously.

There also is a significant difference between H2 and NH conditions when the shooting

begins (EE-Ph2.3) since the response in the condition H2 is quite lower (see Figure D-10).

H2 is always the second or third condition and, therefore, users are already used to haptic

feedback and the virtual scenario. Thereby, their reactions are less pronounced, and users

can complete the entrusted tasks more calmly and accurately, decreasing the HR response.

This phase yields a significant result at the end of the shooting (EE-Ph3.F) regardless

of whether the terrorist or the user dies. The HR response rises when users perceive haptic

feedback, but it endures steady in the NH condition. The rendering of haptic stimuli (H

and H2) fosters the involvement in the virtual scenario since users perceive events as if they

were genuine (e.g. impacts when they get shot or contacts with virtual elements).

Comparison T1-T2-T3 The parameters of the ’Exploration’ phase yield somewhat sim-

ilar values in the three conditions, but the absence of sudden events and the high SD values

do not allow to distinguish tendencies about the evolution of the user’s condition during this

phase.
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Differences are evident in the ’Terrorist’ phase. The parameter EE-Ph2.3 reports dispar-

ities between the T1 and the two following conditions (T2 and T3). There are two significant

differences since the HR response is higher in the first condition, which is probably related

to the expected startle when users get shot for the first time. Subsequently, they are already

aware of the shooting and the actions to take, and sudden reactions are less pronounced.

DMM-Ph3 and DBE-Ph3 report that HR responses differ during this phase in the T1

condition, although the significant difference only appears between the T1-T3 comparison

for both parameters. The descent is progressive because the habituation is not immediate,

but it proves that users face stressful situations more quietly and get more immersion in the

final conditions (T2 and T3).

Comparison Hp1-Hp2-Hp3 The mean value of the HR response (GM) remains steady,

although there are drops between Hp1 and the other two conditions (Hp1 and Hp3), which

may be due to the influence of the haptic vest (see Table 6.4). The mean values of ’Ex-

ploration’ and ’Evacuation’ phases report the same phenomenon. The value in Hp1 always

concurs with the first time that a user perceives haptic stimuli, and it is above those of

Hp2 and Hp3 conditions. However, statistical analyses do not endorse any of these seeming

differences.

Differences in this comparison mostly come about in the ’Terrorist’ phase. The mean

value (M-Ph3) is higher in the condition Hp1, and it drops in the two following conditions,

even though the statistical test does not yield remarkable differences. Sensations are as-

tonishing and unforeseen when the user perceives haptic feedback for the first time, but

a continuous usage of the vest prompts swift habituation (the tendency is also similar in

M-Ph2). Users are more focused on the virtual scenario, and they get more immersion and

presence during the last conditions, improving their performance on completing the tasks.

The beginning of the shooting (EE-Ph2.3) reports a significant difference between Hp1

and the two remaining conditions (Hp2 and Hp3). The values are considerably lower in the

two ending conditions since reactions are less pronounced because users are already used

to the scenario and haptic stimuli, and they focus wholly on performing tasks to end the

experiment. The same tendency reflects on DMM-Ph3 since it gradually descends from the

first to the last condition. The statistical test also reports a difference between Hp1, Hp2

and Hp3 conditions. The significant result in both parameters denotes the shooting affects

to a lesser extent when users get used to haptic stimuli.

Comparison NHp1-NHp2-NHp3 The mean value of the HR response (GM) does not

change among the three conditions, and statistical results are not significant whatsoever.

The mean values of ’Exploration’ and ’Evacuation’ phases (M-Ph1 and M-Ph2) report similar

results as well.
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There is a disparity when beginning the shooting (EE-Ph2.3) between NHp1 and NHp3

conditions, which a significant difference endorses. The immediate responses gradually drop

between conditions since users endure less stress, and they already know how to cope with

ensuing events in the last conditions.

The ’Terrorist’ phase also reports significant differences, suggesting that users are calmer

in the NHp3 condition, and the shooting affects to a lesser extent. There are two parame-

ters (DMM-Ph3 and DBE-Ph3) which show significant differences among NHp1 and NHp3

conditions, although the mean value (M-Ph3) remains constant. Finally, there are some

descents in the mean value of the final phase (MFP) in the NHp3 condition, but there are

no significant results according to the statistical analysis.

This comparison verifies the haptic vest provides habituation nearly immediate since sig-

nificant results come about among consecutive phases (H and H2), but the same phenomenon

does not happen if the vest does not render haptic stimuli. Users would require additional

phases to get the same habituation if they do not perceive haptic feedback. Moreover, the

differences mostly appear in stressful phases in this comparison, whereas the differences

appear in quiet and stressful phases evenly when considering haptic stimuli.

D.4 Extended Crossed Discussion

The next sections tackle two additional crossed discussions between measurements of Ex-

periment 3.

Realism Questionnaire vs Heart Rate Responses

The realism questionnaire and HR responses are more hardly comparable, but there may be

relationships concerning the configuration of the VE, the avatars, the sound effects or the

multimodality.

The visual and auditory configuration of the environment is realistic according to the high

scores of blocks GR and SR. This overall realism prompts that HR responses drop gradually

in conditions T2 and T3. Users become accustomed after the condition T1 because the VE

is similar to a real situation, even when some ratings also denote the virtual scenario has

still room for improvement.

The second question of the block MR tackles how the haptic feedback affects the realism

of the VE, whereas the first question only considers visual and auditory stimuli. Ratings

are higher in the question MR2 because users deem the scenario is more realistic when they

perceive haptic stimuli, which reflects on HR responses are more pronounced in H and H2

conditions. Hence, haptic stimuli seemingly enhance the realism of the VR system and, in

turn, the involvement of users in the scenario.

340



The block AR reports that virtual avatars and their behaviours are fairly realistic. Like-

wise, HR responses rise when users perceive interactions of the controlled avatar (H and H2

conditions), and they drop when users get used to the environment and the interactions (T2

and T3). Thereby, the realism of virtual avatars and the interactions further the involvement

and the attention in the scenario initially, even though HR responses descent gradually due

to the progressive habituation.

Finally, the block CR reports high ratings because users deem that the VE is akin to a

real scenario. If the virtual scenario were not realistic, users would not become accustomed

easily to all stimuli (visual, auditory, and haptic), and HR responses would endure steady

or increase owing to the discomfort. Nevertheless, the resemblance to a real scenario reflects

on descents of HR responses, and the stress and nervousness shrink from the first (T1) to

the last condition (T3), as well as between the two haptic conditions (H and H2).

Subjective Questionnaire vs Physical Autonomous Responses

Physical autonomous responses may affect the subjective perception of the virtual experi-

ence. These responses emerge when a virtual event triggers either frights or changes in the

user’s condition, which may accentuate the feelings or thoughts.

The attention is fundamental so that users undergo autonomous physical responses. A

virtual event cannot trigger a response if users are not focused on the VE. In this manner,

the large number of autonomous responses seems to reflect the good ratings of the block

AT. However, the number of sudden reactions drops after the two grenade explosions, but it

responds to the habituation to virtual events throughout the same condition. The attention

does not change, and it is similar at the end of each condition because there always are

plenty of autonomous responses during the finale shooting.

The subjective questionnaire reveals that users get more immersed in the virtual scenario

when they perceive haptic feedback. Likewise, the recurrence of autonomous responses is

higher in both haptic conditions (H and H2). The resemblance between both assessments

reasserts that the haptic vest improves the involvement in the scenario and, as a consequence,

haptic feedback enhances the performance of the overall virtual experience.

Responses may also be related to the interactivity with virtual avatars and elements.

They mainly come out when a bomb explodes (the vest renders a combined stimulus) or

when users face the terrorist during the shooting (the vest renders impact stimuli if the user

gets shot, and vibrotactile stimuli to indicate interactions with virtual elements). The high

number of immediate responses in H and H2 condition may contribute to ratings of the

block INT, proving that the haptic vest triggers more realistic responses and improves the

virtual experience.

The experimental narrative (the block NEP) may trigger autonomous responses. If

virtual events are not congruent during the procedure (i.e. there is no a clear plot), users
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may divert from the virtual scenario, and sudden events do not unleash startles or alterations

in the user’s condition. Nevertheless, responses after the explosions or during the shooting

bolster good ratings of the block NEP. Furthermore, the narrative does not only prompt

physical responses, but it also furthers the habituation to the virtual scenario. The two final

explosions do not unleash such much responses because users are focused on completing the

tasks and fulfilling the initial objectives of the experiment.

342



Appendix E

Extended Results and Discussion

about SC Responses in Experiment 4

This annex contains a detailed analysis of SC responses gathered during Experiment 4.

This approach employs the same method to itemise the physiological responses than that

to examine HR responses in Experiment 3. The next sections tackle an explanation about

the analysed parameters, the results and a discussion to determine the significance of those

parameters.

E.1 Parameters of SC Responses

SC responses evolve throughout the experiment, but the approach in Chapter 6 solely ad-

dresses the overall evolution by using the mean value of each phase. Nevertheless, that

analysis does not consider the effects of events happening in the virtual scenario or the

variations in responses during quiet or stressful phases.

The approach is similar to that of HR responses in Experiment 3, taking as references

the beginning and the end of each phase (’Exploration’, ’Code Room’, ’Bomb Search and

’Code Insertion’). Parameters of each SC response are as follows:

∙ Difference between the Minimal and the Maximum value in each phase (DMM-Ph1,

DMM-Ph2, DMM-Ph3 and DMM-Ph4). Those extreme values may appear at any

instant of the corresponding phase, and results denote how events affect participants

and to what extent (see Figure E-1).

∙ Difference between the Beginning and the End value in each phase (DBE-Ph1, DBE-

Ph2, DBE-Ph3, and DBE-Ph4). Those values may reveal if the phase increases or

diminishes the stress, the involvement or the immersion depending on the virtual

events (see Figure E-1).
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Figure E-1. Parameters of the SC response, which are analysed to determine the
influence of the experience. DMM-Ph1 is the difference between the maximum
and the minimum value of the ’Exploration’ phase, EE-Ph1.2 is the difference
between the moment of the participant enters the room with the code and 10
seconds later, and DBE-Ph3 is the difference between the beginning and the
end of the BS phase.

∙ Evolution after the event which marks the beginning of each phase (EE-Ph1.2, EE-

Ph2.3, and EE-Ph3.4). It is the absolute value between the SC response at the instant

in which an event marks the start of a phase and the response 10 seconds later. It

reveals the SC response to a stressful event (see Figure E-1).

∙ Evolution after the beginning of each condition (EE-Ph0.1 and EE-Ph4.F). Those

values are similar to the evolution after events at the beginning of phases but, in

these cases, are not related to stressful events. EE-Ph0.1 is the evolution after the

deployment, and EE-Ph4.F is the evolution after the end of the condition.

E.2 Results

Results of these parameters are normalised by employing the mean value of the phase before

the deployment as a reference. There are two comparisons to examine the itemised SC

response. On the one hand, values during the H condition and those during the NH condition

to ascertain the influence of haptic stimuli on SC responses. On the other hand, values after

the first (T1) and the second condition (T2) regardless of the rendering of haptic stimuli to

ascertain if the repetition of the condition and the habituation affects physiological responses.

Values of DMM are lower than 0.03 in all phases, and the differences between conditions
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Figure E-2. Difference between the maximum and the minimum value of the SC
response in each phase. The values are normalised using the SC response before
the deployment as a reference. The left image shows the variations according to
the usage of haptic feedback, and the right image shows the variations according
to the order of realisation.

are practically indiscernible (see Figure E-2). DMM-Ph3 (corresponding to the BS phase)

is the only parameter which yields slightly higher values in both comparisons. Neverthe-

less, there are no clear tendencies between different conditions, and values evolve seemingly

random. Statistical tests neither yield significant values in any parameter or comparison.

The analysis of DBE values is similar, although values are even lower than those of

DMM (see Figure E-3). There is always an upward tendency of the SC response since DBE

values are positive in both comparisons (there is an exception in DBE-Ph2 in the H-NH

comparison). In this case, both stressful phases during the H condition yield higher values,

although statistical analyses do not reveal any significant difference.

Lastly, the results are similar when analysing the evolution after events, and values

are generally low (see Figure E-4). The most meaningful result appear in EE-Ph3.4, whose

values are higher when participants undergo H and T1 conditions, even though the statistical

test does not yield significant differences. There neither are congruent evolutions in the

comparisons, and values rise or drop randomly in the conditions. However, the statistical

tests yield a significant difference in EE-Ph2.3 (i.e. the explosion marking the beginning

of the BS phase) when comparing H and NH conditions, in which the value during NH

condition is positive and higher than the value in the H condition.
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Figure E-3. Differences between the HR response at the beginning and the
end of each phase. The values are normalised using the SC response before the
deployment as a reference. The left image shows the variations according to the
usage of haptic feedback, and the right image shows the variations according to
the order of realisation.

Figure E-4. Mean values of the SC response at instants immediately after the
events which mark the end and the beginning of each phase. The values are
normalised using the SC response before the deployment as a reference. The
left image shows the variations according to the usage of haptic feedback, and
the right image shows the variations according to the order of realisation.
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E.3 Discussion

Overall values of the three analysed parameters are constant, small, and the variations

are not meaningful mostly. The behaviour of these parameters endorses the mean values

in Chapter 6, which do not show remarkable variations in SC responses according to the

distinct phases of the experience. No clear tendencies denote the influence of haptic feedback

in the user’s experience (comparison H-NH) or the habituation to the VE and all virtual

stimuli (comparison T1-T2).

Figure E-2 depicts the normalised DMM values, which are always positive but gener-

ally small. This plot indicates a moderate influence of the third phase (BS), whereas the

remaining phases have similar values. Users’ condition differ to a greater extent when stress-

ful phases begin: they notice the explosion, there are injured people and dead bodies, and

virtual avatars start screaming and running away. Nonetheless, high SD values avoid the

appearance of significant differences (see DMM-Ph3 in conditions H and T2).

Normalised DBE values are relatively low (see Figure E-3), and they remain constant

across the four analysed conditions. There is always an upward trend, denoting that all

phases increase SC responses and, therefore, they also increase the users’ involvement in

the virtual scenario. DBE-Ph2 in condition NH reports the unique exception owing to a

very slight descent, but the value is not meaningful. Furthermore, ’Exploration’, SB, and CI

phases have similar values, revealing that stressful phases do not trigger more involvement

or immersion regarding the quiet phases.

There are no remarkable SC variations after events which delimit the beginning and end

of each phase (see Figure E-4). The most noticeable disparities appear after the deployment,

the explosion or when users enable the LM mode. SD values of EE-Ph0.1 and EE-Ph3.4 are

very high in both comparisons and, thus, there are no significant differences in those cases.

Nevertheless, there is a significant difference of EE-Ph2.3 in the H-NH comparison since the

explosion prompts a descent of SC response when users perceive haptic feedback. Those

descents after a combined stimulus (vibrotactile, thermal, and impact feedback) also appear

when analysing the HR responses in Experiment 3. In these cases, users probably are not

expecting a striking stimulus, and they divert their attention from the initial objectives to

ascertain the origin and the consequences of the explosion, changing the previous tendency

of the SC response.
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