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E-mail: jmguijosa@etsii.upm.es

Smartphones are already taking part of the everyday life ofmore than two and a half billion people.University students are

one of the population groups in which smartphone penetration is more intense. Applications for activities organization,

voting, translation, information sharing, flashcarding, etc. are already of general use. However, despite the considerable

big number of available data acquisition and analysis applications, few learning activities take advantage of the

smartphone physical interfacing capabilities (accelerometers, gyroscopes, magnetometer, microphone, camera, flashlight,

loudspeaker), which, due to the present computing power of smartphones, are excellent. This leads to infer that

smartphones could be a relevant tool for enhancing the teaching-learning process in technical studies. Students attending

to engineering careers are an especially adequate target for smartphone aided teaching due to their training in the use of

computers and other electronic equipment and their strong previous knowledge in fields as programming or quantitative

data management. In this work, the data acquisition capability of smartphones is studied, different teaching-learning

activities based on this capability are proposed, and the impact of the introduction of three representative smartphone-

based learning activities, as balancing of shafts, evaluation of stick-slip instabilities or machine acoustic power

measurement, is analyzed.
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1. Introduction

Smartphones are changing the way we communi-

catewith our families, friends and colleagues, allow-
ing for an easier access to valuable information

anytime, anywhere, and helping us to interact with

our environment more effectively, from shopping

online, to remotely controlling appliances. A wide

set of mobile applications have been developed in

the last years, both for personal and professional

use, and the number of freelance software engineers

developing and selling such apps is increasing
exponentially. For instance, the well known

‘‘iPhone App Store’’ offered around 800 applica-

tions in July 2008, some 200,000 in June 2010, more

than 775,000 in January 2013 and 2,100,000 in

March 2018, according to [1]. To date there are

more than 5 billion smartphones worldwide, being 6

billion forecasted for 2020 [2] and more than 200

billion applications have been downloaded [3],
which helps to figure out the impact of this recent

technology, considering that the first smartphone

was developed by Nokia in 1996 and that the Apple

iPhone reached market in 2007, dramatically chan-

ging the state-of-the-art.

Most successful applications typically focus on

photography, travelling aids, games, free commu-

nication, TV, cinema, social networking and online
shopping although, recently, high-quality teaching

resources are also being developed, some of which

are already among themost valued apps, such as the

‘‘Khan Academy’’. In experts’ opinion [4], touchsc-

reendeviceswill revolutionize education in the years
ahead. In early 2012, Salman Khan took his library

of more than 3,500 lesson-specific educational

videos to mobile devices, in parallel to the birth of

the ‘‘MOOC’’ (massive open online courses) teach-

ing-learning paradigm [5–6]. In short, the ‘‘Khan

Academy’’ enables users to easily navigate their way

through comprehensive and engaging tutorials on

different subjects [4, 7]. More than 4,000 educa-
tional mobile applications are available at the App

Store, massively focusing on Primary and Second-

ary Education. Even though some teachers claim

that smartphones limit student concentration and

that their use in the classroom may make lessons

more chaotic, well-documented reports and educa-

tional projects have already helped to point out

advantages of incorporating information and com-
munication technologies, including smartphones,

to conventional teaching [8–10].

Studies and projects [11–13] have usually focused

on K-12 and some of their conclusions and ideas

from their executive summaries are interesting for

present introduction. UNESCO report ‘‘Turning

on mobile learning in Europe’’ describes in detail

more than 10 EU-, nationally- and locally private-
funded projects for the promotion of mobile learn-
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ing in the EU, most of them carried out in the UK,

Denmark and the Netherlands during the last 5

years and focusing on primary education [11]. The

main advantages of using smartphones for promot-

ing teaching-learning outcomes are highlighted,

including its being a low-cost technology, wide-
spread available and versatile, due to the function-

alities available and to customization. Among the

most important barriers, the lack of adequate

policies and negative social attitudes are put for-

ward. For the near future, those reports also detail

two success factors: a blended approach, based on

the combination of fixed and mobile technologies,

and the dissemination of objective assessments and
research data supporting their use, as we are trying

to do with this study.

Some additional solutions for overcoming nega-

tive social attitudes, taking account of the opinions

of teachers, students and parents, are detailed in the

executive summaries of the ‘‘Project Tomorrow’’

[12–13]. It is interesting to note that more than 60%

interviewed parents (out ofmore than 26,000 taking
part)would likely purchase smartmobile devices for

their children in case they would be used for educa-

tional purposes. In addition, using their ownmobile

devices is the best-valued way of accessing to

information for schoolwork by students themselves,

a motivating power that should not be underesti-

mated. Finally, the 24/7 possible access to informa-

tion is perceived by educators as a possibility to
extend the school day and as a way of improving

school-to-home connections, although some uncer-

tainties and difficulties still need an adequate assess-

ment and inspiring solutions.

Even though main research activities, oriented to

the exploration of teaching-learning applications of

smartphones, have been carried out in the K-12

field, we believe Higher Education can really benefit
from the incorporation of such resources; in fact it

has already started to benefit from it, as we discuss

further on. The fact is that the hardware-software

capabilities of current smartphones allow their use

for more demanding studies and teaching-learning

experiences, especially as resources for technical

universities. Included further on is our proposal of

incorporating smartphone supported activities to
different Engineering programs, hoping the differ-

ent application examples provided and themeasure-

ment of its impact is useful for colleagues from our

field of study and from similar ones.

2. Smartphones for engineering education:
overview and foreseeable outcomes

Student motivation and active engagement to their

own learning process is a key success factor in

Higher Education, especially in Science and Engi-

neering studies, as recognized and highlighted in

different studies, reports and declarations [14–15],

as well as the Bologna Declaration and the subse-

quent related declarations, aimed at the implemen-

tation of the European Higher Education Area.

Mobile learning is already accepted as a strategy
for improving student engagement in Primary and

Secondary Education [11–13], what also motivates

its progressive incorporation to Higher Education,

although its actual impact still needs to be ade-

quately addressed.

Present methodologies for curriculum develop-

ment, especially in technical universities, are based

on the definition of fundamental educational objec-
tives, achieved by pursuing the development of a

series of competencies or learning outcomes (includ-

ing scientific and technical knowledge, technologi-

cal abilities andprofessional skills). Perhaps the best

known methodology is the one proposed by ABET

that proposes the achievement of a mix of ‘‘hard’’

and ‘‘professional’’ skills [16], including: (a) ability

to apply knowledge of Mathematics, Science, and
Engineering; (b) ability to design and conduct

experiments, as well as to analyze and interpret

data; (c) ability to design a system, component, or

process to meet desired needs within realistic con-

straints; (d) an ability to function on multi-disci-

plinary teams; (e) an ability to identify, formulate,

and solve Engineering problems; (f) an understand-

ing of professional and ethical responsibility; (g) an
ability to communicate effectively; (h) the broad

education necessary to understand the impact of

Engineering solutions in a global, economic, envir-

onmental, and societal context; (i) a recognition of

the need for, and an ability to engage in lifelong

learning; and (j) a knowledge of contemporary

issues.

In our opinion, the incorporation of smartphones
and their resources as a complement for data-

acquisition, analysis and model validation-based

teaching-learning experiences can not only improve

student engagement and motivation, but also pro-

mote the acquisition of the aforementioned out-

comes and skills. Previous experiences have

already described the benefits of these multipurpose

phones in different areas, as detailed below, together
with some reflections on the skills promoted and

highlighting a varied set of well-rated available low-

cost and free apps. From a general point of view

(this work focusesmainly on smartphone supported

testing applications), main uses of smartphones in

Engineering Education can be divided in following

areas:

(i) Promotion of student-teacher communication

and course organization, with novel possibili-

ties as working ‘‘in the cloud’’, coordinating
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student groups (even massive ones [5–6]) or

using electronic calendars, as recognized by

experts [17]. ‘‘Google Docs’’, ‘‘Dropbox’’,

‘‘Google Calendar’’, ‘‘Apple Calendar’’ are,

not surprisingly, among the most used

resources for such purposes, although novel
resources are also starting to enhance commu-

nication between Engineering colleagues (i.e.,

‘‘Element14’’ application).

(ii) Information search and use of Engineering

databases and resources: smartphones can

really serve as work tools with remarkable

Engineering resources and solutions, such as:

‘‘FastFigures’’ (for financial calculations),
‘‘Orifice’’ or ‘‘Engineer’s Calculator’’ (for mul-

tipurpose mechanical, fluidic, structural . . .

calculations), ‘‘Electronic Toolbox’’ (with a

huge built-in database of important electrical

references), ‘‘AutoCAD WS’’ (for computer-

aided design) or ‘‘Engineering Professional’’ (as

companion handbook with over 600 mathema-

tical formulas for a wide set of engineering
fields) [18]. This area is linked with the

‘‘ABET’’ ‘‘a’’ and ‘‘i’’ skills.

(iii) Design and implementation of experiments: the

multipurpose hardware of smartphones,

together with a growing set of plug-ins and

software makes them affordable tools for regis-

tering and analyzing data from many types of

experiments [19]. This area is linked to ‘‘ABET’’
‘‘b’’ and ‘‘e’’ skills. Furthermore, no special

facilities are needed, being many everyday life

objects prone to be analyzed, which also allows

for a better course organization, since a part of

the laboratory activities, which usually must be

carried out in small groups, implying the repeti-

tion of the same teaching task, can be converted

to external ones, so an additional outcome for
area (i) is obtained.

(iv) Promotion of project-based learning and

‘‘CDIO’’ (conceive, design, implement, oper-

ate) experiences: project-based learning activ-

ities, normally based on groups of students

working together towards the real design of a

functional system, process or product [20], can

also benefit from the multipurpose features of
smartphones, especially if the final result of the

project is a device, robot, toy, machine or small

laboratory installation needing some kind of

‘‘intelligence’’, as smartphones can easily be

adapted for control functions, thus being pos-

sible substitutes or mutual complements for

microcontrollers and other open platforms

such as ‘‘Arduino’’ [21]. This area is linked
with the ‘‘ABET’’ ‘‘a’’, ‘‘c’’, ‘‘d’’ and ‘‘e’’ skills.

(v) Development of student competitions andplay-

based learning strategies: in many cases linked

to PBL activities, student competitions and

play-based learning strategies also benefit

from the incorporation of novel technologies,

especially if final result is the development of a

novel device or system [22]. Smartphones can be

also useful for helping with the implementation
of, even, Engineering ‘‘gymkhanas’’ [23]. This

area is clearly linked with the ‘‘ABET’’ ‘‘d’’ and

‘‘e’’ skills.

(vi) Introduction of new business trends and entre-

preneurial challenges. It is a fact that informa-

tion and communication technologies,

especially since the emergence of smartphones,

have changed the fate of many business areas
and promoted the appearance of novel business

models [24]. For instance, software engineers

can now orient their professional life to the

development of new apps, massively sold

through application stores of the different

brands. This area is linked with the ‘‘ABET’’

‘‘h’’, ‘‘i’’ and ‘‘j’’ skills.

These previously summarized experiences, grouped

in different areas, connected to complementary

teaching-learning strategies (from formal lessons

to hand-on activities), have driven to the idea of

the great potential of working towards the incor-

poration of smartphones into Higher Education,
especially in Engineering, as most of the ‘‘ABET

skills’’ can be additionally worked out by extra

motivated students, according to impressions from

the aforementioned references. Taking the interest

and the prior contributions in smartphone sup-

ported education that references evidence as a

basis, in following sections a series of smartphone

supported activities giving relevant outcomes in the
ABET skills grouped in areas iii and iv is proposed.

For this, a previous study of the limitations of

smartphone data acquisition capabilities (section

3) and available apps (section 4) is done, and feasible

activities are then proposed (sections 5 and 6).

3. Smartphone data acquisition
capabilities

With respect to the third area specified in section II,

powerful activities related to experiment prepara-

tion and execution can be developedwith the help of

smartphones, so that the student involvement in

complex concepts related to data acquisition and

analysis, crucial in any engineering field, can be

easily and cheaply acquired. However, as smart-
phone built-in sensors are not designed for labora-

tory experiments but basically for phone location

and attitude determination, sample rate, bit depth

and measurement range may not be adequate for

some straightforward engineering school labora-
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tory tasks. In this section, smartphone limitations

are studied. Activities proposed in section V will

take the described limitations into account.

3.1 Accelerometer

MEMS accelerometers as Bosch Sensortec BMI160

[25] or Invensense ICM-20690 [26] are widely used.

These sensors allow for measuring up to þ=�8g,
being possible to select between three different

measurement ranges: þ=�2g, þ=�4g, þ=�8g. and
þ=�16g.As themeasurement depth is up to 16 bit, a
tradeoff between accuracy and range must be done.

That is why many smartphones use the þ=�2g
range, allowing for the high sensitivities needed

for some phone built-in functionalities. Provided

that gravity acceleration is also measured, signal
conditioning must be carried out if smartphone

acceleration vector components are to be extracted.

This can be done by integrating the gyroscope signal

from a known ‘‘calibration’’ point. The acceleration

signal itself cannot be used, provided that a phone

rotation will also produce an angular acceleration,

which cannot be isolated if the accelerometer is not

located at the rotation center. Even though the
hardware sampling frequency can be up to

1600Hz, smartphone manufacturers recommend

reducing the acquisition frequency so that battery

consumption is not big [27]. For these reason,

maximum sampling frequency found in most of

the available applications is not greater than 1000

Hz.

3.2 Gyroscope

MEMS gyroscopes are included in the aforemen-
tioned MEMS accelerometer packages [25–26] are

used. Measurement can be selected from different

ranges, from þ=�250 to þ=�2000 degrees per

second at 16 bits. A tradeoff between accuracy and

range must also be made, and carefully selected

according to the nature of the experiment and the

data to be measured. Sampling frequency can be

tuned up to 3200 Hz. Applications seldom use
sampling rates greater than 1000 Hz.

3.3 Magnetometer

Magnetometers can measure the Earth’s magnetic

field vector, which points to the Earth’s magnetic

center (that is, downwards), although there is a

component in direction North, which is also used

for compass applications. iPhone X uses the Bosch

BMM150magnetometer [28], capable of measuring

þ=�2500microTeslas at 16-bit.YamahaYAS532 is
used in some Android smartphones. The sensitivity

of these devices is 0.25 microTesla for a þ=�1200
microTesla measurement range. Sampling fre-

quency is low in comparison with other sensors,

being 300 Hz the maximum value.

3.4 Built in microphone and external microphone

input

Frequency responses are very good. Frequencies

from 200Hz to 20kHz can be accurately measured,

being possible to measure, with less accuracy,

frequencies close to 50 Hz. A 30dB/octave curve

can be observed up to approx. 110 Hz. Most of the

applications can handle spectra up to 20 kHz, which
means that the sampling frequency must be bigger

than 44 kHz.

3.5 Camera

Resolutions of up to 41 megapixels are available,

being 5 MP already a lower limit. Sensor sensitivity

is very good, being able to take pictures with very
small exposition times, even at low light conditions

because of the small size of the sensor, giving rise to

equivalent apertures up to f2. Video at 4Kdefinition

(3840� 2160) at 60 frames per second can be

recorded in the high-end smartphones.

3.6 Output devices:

A number of applications take advantage of the

rapid actuation time of the phone built-in flash

LED. On-off frequencies up to 29 Hz can be

obtained, which allows for using the phone for

stroboscopic applications. Regarding to sound

output, despite not powerful, it can be used as a

reference signal for synchronization, or even an

excitation for acoustic experiments.

4. Available smartphone data acquisition/
analysis apps

Annex 1 shows the applications found on the
Google Play store and the Apple Store. As it can

be easily seen, there are much more applications for

microphone data acquisition and/or analysis than

for accelerometer, gyroscope or magnetometer.

Some applications have trigger capabilities, so that

acquisition start/end can be automated using rising

or falling edge detection functionalities, or simply

by reverse timing. Other applications offer calibra-
tion functionalities, which are useful for some

measurements, as noise level or data integration

over time. Data analysis functionality shows a

greater dispersion, apps being found capable of

performing averaging, filtering and variable win-

dowing. Data export is a desirable feature, espe-

cially when acquired data must be further analyzed

in an external program. Most of the applications
with data export functionalities offer .csv, .txt or .xls

formats. Data files are transferred by email,

although some more powerful applications are

capable of real time streaming over Wi-Fi or Blue-

tooth. There are applications as TechBasic from the
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developer Byte Works which include data acquisi-

tion and analysis tools to support the development

of high level applications. Even though there are

also applications as the above cited TechBasic or

N+ Motion, capable of acquiring and analyzing

data from an external sensor—for instance, Ardu-
ino boards or proprietary hardware, as NODE—,

where the sensor-smartphone data transmission is

performed via Bluetooth or Wi-Fi, they will not be

treated in this work because of the need of an

additional external data acquisition hardware. A

good compilation of such applications can be found

in [29] and [30]. Low level platforms for app pro-

gramming are also available, as core-plot [31].

5. Proposals for smartphone supported
learning activities

In spite of the aforementioned accuracy, measure-

ment range and sampling frequency limitations,

phone built in sensors offer a more than enough

working potential for students in different scientific
fields normally included in a typical engineering

curriculum.As students are deeplyused to theopera-

tion of many different phone applications as well as

engineering codes, theuseof theabove listedapplica-

tions does not imply a substantial extra effort. The

working structure of a smartphone related activity

can be adapted to be similar to a real engineering

designandtestingworkpackage,which inturnallows
the students to learn the workflow and different

critical issues arising in design and testing engineer-

ing. For certain system, which may be chosen by the

students, following workflow is proposed:

� System description: before design or testing work
can be carried out, a complete definition of the

system is to be available. This implies the avail-

ability of a complete requirements list, from prior

product planning activities. Studentsmust list the

required functionalities, as well as technical and

economical restraints.

� Scope definition, simplifications, assumptions:

according to the study scope, simplifications can
be made for the modeling (degrees of freedom

condensation, linearizing, number of relevant

terms in series expansions, etc.)

� System modeling: once system concept is ready,

differential and/or integral equations can be

established.

� Model resolution, sensitivity analysis, results dis-

cussion: for further design optimization.
� Experiment and data acquisition planning: test

rig must keep all relevant parameters controlled

so that the result is not influenced by system,

environmental or operational deviations. Sen-

sors, measurement points, measurement range,

needed accuracy and precision, sampling rate,

sample time and number of measurements must

be defined.

� Experiment execution.

� Data analysis: many smartphone applications

include different data processing capabilities, as
filtering, averaging, weighting, FFT or PSD,

which allow for directly obtaining final results

in many simple problems.

� Results discussion: comparison with theoretical

model, explanation of the deviations.

� Design critical analysis, design improvement pro-

posals, design alternatives evaluation.

Students can be responsible for the selection of an

everyday system prone to be modeled and tested

according to this workflow.

5.1 Mechanical vibrations

Mechanical vibrations are a field where smartphone

data acquisition capabilities can be better taken

advantage of. Both time and frequency analysis

can be carried out on the triaxial accelerometer

data, whether with one of the above listed phone

applications, or simply by downloading the

acquired data for further processing by numerical
analysis programs as Matlab, for which different

analysis applications have probably been already

developed in the course framework. Due to the

sampling frequency andmeasurement range restric-

tions, the feasible experiments range is limited to

low frequency,moderately high amplitude phenom-

ena, as depicted in Fig. 1 (accelerations up to just 10

m/s2 are represented).
For low frequency, high displacement vibrations,

time analysis can be carried out even without any

vibration data acquisition, by video recording the

vibrating object with the phone built-in camera,

while using a longitudinal or angular graduated

reference close to the object, and later analyzing

the position of system keypoints frame per frame.

Even acoustic-vibrational interaction can be stu-
died by the analysis of the recorded vibration borne

sound, as described later. Some application exam-

ples are:

5.1.1 Time domain analysis:

� Damping ratio calculation from logarithmic

decrement in a system capable to be modeled

with enough accuracy with a 1 degree of freedom
system: the damping ratio � can be calculated as a
function of the amplitudes x1, x2 of two consecu-

tive maxima in the amplitude-time signal, by the

well-known Equation (1):

ð1Þ
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simple experiments can be carried out, for

instance, in a bicycle, car or motorbike front or

rear suspension, an elevator, a bungee rope, a

springboard, etc. As analytical models are quite
simple, results discussion can be easily made.

� Amplitude increase when passing through a reso-

nance or critical speed in a system capable to be

modeled with a one degree of freedom: it can be

quantified by the exponential relationship

expressed in Equation (2):

ð2Þ

if damping ratio is, or can be assumed, zero or

very low, the amplitude increase turns into linear
(Equation 3):

ð3Þ

where xst is the static deflection and n the number

of cycles. This can be tried, for instance, in a
washing machine. Despite the amplitude increase

will keep its exponential shape, amplitude will

probably will differ from the theoretical one

because of the machine suspension system,

which will absorb part of the vibration energy—

this case should actually be modeled by means of

a two degree of freedom system.

� Simple pendulum natural period Tmeasurement,

for instance, in a swing, checking similarity with

Equation (4), being g in the equation the gravity

acceleration and l the pendulum length.

� Dynamic time response of simple systems as, for

instance, a door closing spring-damper.

ð4Þ

� Image ‘‘freezing’’ by using stroboscopic lightwith
the smartphone built-in LED flash. A virtual

phase shifting can be done by means of using a

strobe frequency which is slightly different to the

system characteristic frequency. This way, for

instance, eigenmodes in simple systems or opera-

tions in high speed manufacturing lines can be

visualized.

5.1.2 Frequency domain analysis

� Damping ratio calculation from quality factor

when slowly passing through a resonance !N in a

system prone to be modeled as 1DOF, by means

of Equation (5), if frequencies !1 and !2 are

located, where !1 and !2 are the frequencies at
which the vibration amplitude decreases

p
2 with

respect to the maximum amplitude (which will

occur at !N). This maximum amplitude may not

actually be measured but simply estimated, pro-

vided that result sensitivity to estimation error is

low because the amplitude curve has a big slope

near the resonance.

ð5Þ

� 1 degree of freedom mechanical impedance

(transfer function) calculation (two smartphones

necessary). A representative calculation can be

done, for instance, in a vehicle seat suspension

system –bus, truck, tractor, etc.-, by placing one
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smartphone on the vehicle floor while other

smartphone is located on the seat, andmeasuring

the acceleration while driving over a bump.

Transfer function can be calculated as a function

of the frequency domain spectra of both floor

signal y(f) and seat signal x(f) (Equation 6):

ð6Þ

A problem related to phase synchronization

between both smartphones obviously arises.

This can be solved bymeans of a synchronization

signal, as an intentionally produced shock or

acoustic pulse. Theoretical predictions can be

carried out for the seat response as a function of

different floor excitations, which can be further

experimentally validated and discussed.

� Low speed, rigid, one plane rotor balancing by

means of the four runs without phase measure-

ment method (depicted in Fig. 2). This experi-

mentwill give better results for rotors whosemass

is concentratedmainly in a narrow axial location.

Even better results will arise for overhung rotat-
ing disks. Procedure is as follows:

– An arbitrary phase origin is drawn at the rotor

with a chalk, marker or similar.

– An initial run, without testmass, is carried out.

Vibration amplitude is measured with the

smartphone at, for instance, a rotor bearing

pedestal close to the unbalanced mass. Syn-

chronous vibration component is extracted by
means of the calculation of the time signal

FFT. For simple rotors, vibration amplitude

can also be calculated from the amplitude of

the time domain signal, mainly composed by

the synchronous component.

– A circle with center O, whose radius is propor-

tional to the vibration amplitude is drawn on a

paper. Assume that initial vibration amplitude
is 12m/s2. A circumference with radius, for

instance, 12 mm is drawn.

Three subsequent runs are carried out, using

the same testmass, located at 0o, 120o and 240o

respectively, with respect to the arbitrary

phase origin drawn on the rotor. Vibration

amplitude is measured in each run.

– Three circumferences whose radii are propor-
tional—same proportionality ratio as in the

first run- to themeasured vibration amplitudes

are drawn, being their centers placed at 0o,

120o and 240o angular positions on the first

circumference. Assume that used test mass is

100 g, and that measured amplitudes are 17 m/

s2, 13 m/s2 and 8 m/s2. Consequently, circum-

ferenceswith 17mm, 13mmand8mmradii will
be drawn.

– These three circumferenceswillmeet at a single

point P. By drawing the vector OP and calcu-

lating its length and phase with respect to the

0–0o vector, correction mass can be calculated

by Equation (7):

ð7Þ

In this case, correction mass will be 100 � 5.6/
12 = 46,67g.

– The angle with respect to the phase origin at

which the mass must be installed on the

balancing plane is that between O0o and OP,

that is, 159o. As there will probably not be a

hole on the balancing plane at this position,

correction mass must be divided in two,

located at available positions, which effects
composition give rise to the same centrifugal

forces than the original correction mass.

� Design sensitivity analysis: dynamic response can

be measured with different system configura-

tions, so that the influence of the changing para-

meter can be studied. Simple examples are the

study of the effect of different tires in amotorbike

suspension, or the effect of different vibration
absorbers in an unbalanced air conditioning

device.

5.2 Machinery safety

Various shock and vibration-related machinery

safety criteria can be assessed by means of smart-

phones. For instance, the Assessment of the severity

of an impact of a moving object (for instance, a

roboticmanipulator) with a human body: the severity

of impacts has been widely studied within industries

in which safety is a critical issue, e.g., service

robotics and automotive industries. One of the
main aims of these studies is to obtain quantitative

indices for assessing the injury potential and estab-

lish their maximum tolerable values according to

different possible scenarios. In a general way, an
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Impact Severity Index (ISI) can be obtained by the

classical Versace equation [32] (Equation 8):

ð8Þ

Where a(t) (measured in g’s) is the resultant accel-

eration after the impact and T the impact pulse
duration. A theoretical expression for the accelera-

tion can be derived by analyzing the basic case of an

object moving at uniform velocity (v) that collides

with a stationary body. In this way, the acceleration

of the body after the impact can be expressed as a

function of the velocity (v), the moving mass of the

impacting object (Mm) and that of the impacted

body (Mi), together with their combined stiffness
(K) and damping ratio (�). Thus, by substituting the
results into (8), we deduce Equation (9) for the ISI

index, according to the process described in detail in

[33]:

ð9Þ

Where Equation 10 describes the parameter �:

ð10Þ

Therefore, for each set of values of the above-

indicated parameters, (9) provides an expected

value of the severity of the impact, whereas (10)

lets the results to be verified by measuring the
acceleration-time response of the impacted body

with the accelerometer of a smartphone.

5.3 Acoustics

Acoustics is also a field with high potential for

smartphone supported learning activities. Micro-

phone measuring range, sampling frequency and

accuracy are much better than for the acceler-
ometers or gyroscopes. Possible exercises may be:

5.3.1 Sound power determination in free field over

reflecting plane, by sound pressure measurement,

using the simplest method specified in ISO

3744:2010 [34] this activity may be ideally carried
out if a sound sourcewhose soundpower is known is

available. If not, a reference source can be used,

where sound power level must be written in the

certification plate. Procedure is following:

� Determine the measurement surface (usually a

1m sphere is used for small products).

� Determine the measurement positions: normally,

10 points over the entire semisphere surface are

used. Coordinates are listed on the standard.
� Switch themachine off, andmeasureA-Weighted

background noise at all the measurement posi-

tions.

� Switch themachine on, andmeasure A-Weighted

noise level at all the measurement positions.

Check that the level difference with background

noise is greater than 15 dB.

� Obtain the mean A-Weighted sound pressure
level LP,A from the 10 measurements by means

of Equation (11):

ð11Þ

� Calculate the A-Weighted sound power level by
means of Equation (12):

ð12Þ

� Where S is the surface of the used semisphere, and

S0 = 1m2. Table 1 shows a comparison between

the measurements performed by Madrid Techni-

cal University students with a calibrated

Bruel&Kjaer sonometer and a smartphone. A
surprisingly high accuracy in the smartphone

measurements is observed.

5.3.2 Acoustic rooms characterization by means of

reverberation time: the RT60 (time needed for the
sound pressure level to decay 60 dB) can be mea-

sured by means of the smartphone and compared

with the analytical prediction given by the Sabine

equation (Equation 13):

ð13Þ

where V is the room volume, S the total surface of

the room, a the average absorption coefficient of the

room surfaces and c20 the speed of sound in the

room at 20oC. As the level decay is almost linear,
RT60 can be extrapolated if the measurement range

is not enough. A balloon explosion can be used as
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Table 1. Comparison between sonometer and smartphone SPL measured values

Measurement 1 2 3 4 5 6 7 8 9 10

Sonometer 87.3 86.8 86.5 86.4 86.8 86.8 85.4 86.0 85.5 85.6
Smartphone 85 84 84 84 84 84 83 83 83 83



wide spectral content sound source, as well as a

white or pink noise obtained from a loudspeaker,

where the amplifier input signal can be also gener-

ated by a smartphone.

5.3.3 Loudspeaker transfer function: a known noise

can be generated and transmitted to a loudspeaker,

and the resulting amplified noise can be measured

by means of the built-in, or headset microphone, so
that the transfer function and, thus, the loudspeaker

characteristic curve can be measured.

5.3.4 Acoustic isolationmeasurement: an estimation

of the acoustic isolation capability of certain mate-

rial can be obtained by simply measuring the sound
pressure level difference between the sound source

side and at the isolated side.

5.3.5 FEM models adjustment: For instance, a

tuning fork FEM model adjustment: one the FEM
model is constructed, a modal analysis can be per-

formed and the resulting natural frequencies can be

compared with those obtained by the measurement

of the actual tuning fork sound spectral peaks.

5.3.6 Distancemeasurement, by calculating the time
elapsed since the generation of an acoustic signal

with the smartphone loudspeaker and its acquisi-

tion by the microphone [29].

5.4 Electromagnetism

Smartphones can be used for simple experiments for

the assessment of magnetic field equations. As the

smartphone is capable of reporting both the magni-
tude and the orientation of themagnetic field vector

at a given point, the complete 3Dmagnetic field of a

magnet can be determined by performing measure-

ments at different positions. As the magnetic field

value using a magnet can be comparable to Earth’s

field, it is recommended to use neodymiummagnets,

or alternatively using a Helmholtz coil. The Helm-

holtz magnetic field is given by Equation (14):

ð14Þ

Where K is the characteristic constant of the coil

(depends on size and number of coils) and I the

intensity. Placing a compass in the center of the

Helmholtz coil, the needle of the compass is aligned

with the axis of the coil due to the magnetic field

created. Taking a magnet with an unknown mag-

netic field B and placing it orthogonal to the axis of

the coil and at a certain distance, the needle of the
compass is aligned in the direction of the resultant

magnetic field (Equation 15):

ð15Þ

and the angle betwee the compass needle and the

Helmholtz field axis is given by Equation (16):

ð16Þ

The complete magnetic field of the magnet can be

obtained by repeating the experiment at different

points. This can be done in magnets with different

shapes or Hallbach networks in electric machines.

6. A complete application example

Another possible interesting activity lies on the

vibroacoustic nature, for instance, in stick-slip

self-excited nonlinear vibrations. This experiment

can be quite easily carried out by means of dragging

a classroom chair on the floor, supported with just

one leg. If drag speed is small enough, the chair leg

will vibrate because the sudden change between

static and dynamic friction coefficient. A simple
model for explaining this phenomenon and the

resulting vibration are described in detail in [35]

and in Fig. 3. The resulting nonlinear dynamic

equations (Equations (17), (18) and (19)) can be

written as:

ð17Þ

ð18Þ

ð19Þ

Juan M. Munoz-Guijosa et al.1298

Fig. 3.Model for stick-slip vibrations and resulting speed-time function.



Being Fst the static friction force and Fsl the

dynamic friction force at vM = 0. A solution of the

form expressed in Equations (20) and (21) can be

tried

ð20Þ

ð21Þ

the parameters !N, !D, � and � are detailed in
Equation (22):

ð22Þ

A solution can be obtained, being � a coefficient for
linearizing the dynamic friction coefficient-speed

relationship. If amplitude is big enough and damp-

ing not sufficient, speed will tend to reach values
lower than zero, forcing the mass to stop again, so a

new stick cycle will begin, which will finish when the

slip condition is met. The resulting vibration is

depicted in Fig. 4. The limit conditions for stick-

slip to occur are expressed in Equation (23):

ð23Þ

where the right hand of the equation is a function

increasing with �. Nevertheless, in case the stick-slip
phenomenon occurs, the vibration frequency 1/T

cannot be straightforwardly calculated: in addition
to the calculation of the system vibration frequency

!N, which gives the time during which the mass is

moving, one needs to calculate t2–t1, which is the

time needed for the spring and damper to exert the

necessary force for the movement to begin. These

features can be easily measured by recording the

resulting noise and vibration. Fig. 4 shows the

preparation of the experiment by the students,
consisting in the measurement of the stiffness,

damping ratio (by using the smartphone as an

accelerometer, so that the logarithmic decrement

can be obtained), static and dynamic friction coeffi-

cients and equivalent mass. Results were: equivalent

modalmass = 0.5 kg, k= 35000N/m, �=0.064, �st =
0.79, �dyn = 0.62. Fig. 5 shows the theoretical

resulting time and frequency domain shapes when
solving the model in Simulink for the classroom
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Fig. 4. Experiment preparation. Parameter identification.

Fig. 5. Simulink model solution. Time and frequency domain.



chair dragging on amarble floor at a speed v=1 cm/s.

As it can be observed, vibration frequency is about

21 Hz. Fig. 6a shows the resulting measurement file

when measuring the stick-slip acceleration with an

iPhone 5 and the app ‘‘Data Collection’’, capable of

measuring at up to 500 Hz. This file was loaded in
Matlab, where time and frequency domain analysis

were performed (Fig. 6b). Fig. 7 shows the results of

a measurement made with a Brüel&Kjaer Pulse

system with a type 4397 accelerometer at 20 kHz.

Despite the stick slip frequency is accurately mea-

sured by the smartphone, differences are found in

frequency content, as some harmonics do not

appear. These differences arise as a result of the

different clamping conditions, much more difficult

to achieve with the smartphone due to the small

support area available at the chair leg which, on the

other hand, is sufficiently big for the accelerometer.

Fig. 8 also shows the spectrum of the sound pro-

duced by the vibration in the actual chair, measured
by means of the app ‘‘WavePad’’ at 22 kHz and 16

bits.Nocontent is observed around24Hz,where the

stick-slip vibration lies. This is due to the micro-

phone gain fall described above. However, as fre-

quencies over 100Hz are measurable, other

measured harmonics lie close to the theoretical and

accelerometer results, as well as harmonics related

with the vibration of other chair components.

Juan M. Munoz-Guijosa et al.1300

Fig. 7. Professional accelerometer FFT measurement, 20 kHz.

Fig. 6. Smartphone accelerometer measurement. Time and frequency domains.



7. Smartphone based activities learning
impact assessment

To measure the impact of smartphone supported

experimental activities in student learning out-

comes, the evolution of the grade distribution in

the subject ‘‘Vibrations’’, taught in theUPMmaster

in mechanical engineering, was analyzed. Smart-

phone activities were introduced in this subject in

the 2011 course, as a part of a student assignment

Using Smartphones Physical Interfaces in Engineering Education 1301

Table 2. Survey questions and quantitative results

What is your opinion (0: totally disagree, 5: totally agree) about the execution
of learning activities based on the interface capabilities of smartphones? Avg Stdev. Mode Median

1) It can improve the learning of the taught concepts 3.63 1.02 3 4
2) It can be useful as an instrument for improving lab practices 4.23 0.99 5 5
3) It might substitute practice labs by activities fully performed by the
students, but planned by the teacher

2.67 1.25 3 3

4) It can promote student motivation 3.87 1.06 5 4

What is your opinion (0: totally disagree, 5: totally agree) about the execution
of the smartphone supported activities you have carried out in the ‘‘Vibrations’’
subject? Avg Stdev. Mode Median

5) It helped me in understanding the taught concepts 3.43 1.12 4 4
6) It has been useful as a support for lab practices 4.20 0.87 5 4
7) It might substitute practice labs by activities fully performed by the
students, but planned by the teacher

2.80 1.17 3 3

8) It has promoted my motivation 3.37 1.197 4 4

Fig. 9. Subject grades and ratios evolution.

Fig. 8. Emailed measurement file and PSD of the sound measured by the Smartphone microphone.



related to the application of vibrations theory to a

everyday simple system, chosen by each student. No

additional modifications in the course planning

were made since then. Students must develop appli-

cations as the one shown in section VI, with a work

structure similar to that explained at the beginning
of section V. Fig. 9 shows the evolution of the

average grade and grade standard deviation, as

well as the evolution of the efficiency ratio (students

who take the exam / students who take the subject)

and success ratio (students who pass the exam /

studentswho take the exam), being themean sample

population 94 students. A clear improvement in all

the figures is observable, which evidences that a
more efficient content learning has been achieved.

A survey was administered to the 2012 course

students to validate the assumptions and expected

outcomes. Total population was 30 students. Ques-

tions were both quantitative (1 to 8) and qualitative

(9 to 14). Table 2 shows the questions and the

statistical characterization of the quantitative

answers. As mentioned before, student motivation
and the direct availability of a data acquisition tool

are a key factor for the improvements. The figures

and figure evolution also demonstrate a better

acquisition of the ABET ‘‘b’’ and ‘‘e’’ skills, as we

expected.

Students opinion that smartphones cannot fully

substitute laboratory classes makes clear the limita-

tions smartphones presently have, and also the
importance of training in the use of complex labora-

tory equipment, given by experienced personnel, as

traditional laboratory activities do. With respect to

the qualitative questions, it is remarkable that only

10% of the students had performed a smartphone

based learning activity before (‘‘Freecards’’, for test

exams in the subject ’’materials technology’’), even

though most of the students (23 responses) use
smartphone applications for academic organization

(Google calendar, Google docs), data sharing

(Dropbox), blackboard photo taking, and agenda

sharing. They also use different apps, as reference

(Electrodroid, Wikipedia), unit converters and for-

mula listings (3.3%) for learning support.

8. Conclusions

Smartphone great built-in sensing capabilities,

especially regarding sound measurement, image

acquisition and video recording, although nowa-

days limited in the fields of mechanical vibrations,

attitude measurement or magnetism, are constantly

improving. As a result, smartphone supported
experiments, with a relevant impact in student

learning, can be implemented, promoting student

engagement andmotivation, bymeans of the execu-

tion of simple to moderately difficult tasks in

different engineering fields, without the need of

complex additional facilities, which allow the stu-

dents to deeper understand concepts related to

experiment preparation, data acquisition and ana-

lysis, results discussion and engineering analysis

methodology. Activity development can be simpli-
fied by the use of already available apps, and taking

advantage of the data download capabilities, so

desktop programs as MATLAB can be used for

the data analysis. Students are fully used to the

operation of different complex applications in the

sameway they use the engineering typical numerical

calculation programs, so student acceptance is

good. Smartphone experiments also allow for a
better course organization, as some repetitive,

costly and time-consuming lab experiments can be

done by the students instead of in small lab groups.
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Muñoz, E. Chacón, P. Lafont, V. Rodrı́guez, D. Fernández
and E. de la Guerra, Preparing Mechanical Engineering
students for product design professional practice through
PBL: Planning and execution of the subject Product Design
Methodology. Washington DC, August 28–31, 2011,
ASME 2011 International Design Engineering Technical
Conferences and Computers and Information in Engineering
Conference.

21. G. W. Recktenwald, Using Arduino as a platform for
programming, design and measurement in a freshman Engi-
neering course, American Society for Engineering Education
Conference & Exposition. Vancouver, BC, June 26–29, 2011

22. A. Dı́az Lantada, Guest Editor, Special Issue on Learning
through play in Engineering Education, International Jour-
nal of Engineering Education, Part I, 27(3) & Part II, 27(4),
2011.

23. G. Robles, Implementing Gymkhanas with Android smart-
phones: A multimedia m-learning game. Amman, Jordan,
April 4–6, 2011 IEEE Global Engineering Education Con-
ference, EDUCON 2011, pp. 960–968.

24. Crowd-funding platforms: www.kickstarter.com & www.
indiegogo.com. Accessed 30 January 2019.

25. Data Sheet, https://ae-bst.resource.bosch.com/media/_tech/

media/datasheets/BST-BMI160-DS000.pdf, accessed 11 Feb
2019.

26. Data Sheet, http://www.invensense.com/wp-content/uploads/
2016/10/DS-000178-ICM-20690-v1.0.pdf, last accessed 11Feb
2019.

27. Apple Developer, https://developer.apple.com/library/ios/
documentation/UIKit/Reference/UIAcceleration_Class/
Reference/UIAcceleration.html#//apple_ref/doc/uid/
TP40006901, accessed 11 February 2019.

28. Data Sheets, https://ae-bst.resource.bosch.com/media/_tech/
media/datasheets/BST-BMM150-DS001.pdf, accessed 11
Feb 2019.

29. Allan Alasdair, iOS Sensor Apps with Arduino, O’Reilly
Media, Inc., 2011.

30. Allan Alasdair, iOS Sensor programming, O’Reilly Media,
Inc., 2013.

31. Core Plot, https://github.com/core-plot, accessed 11 Febru-
ary 2019.

32. J. Versace.A reviewof the Severity Index.Warrendale,USA,
November 17–19, 1971, Proceedings of the 15th Stapp Car
Crash Conference, SAE Technical paper n. 710881, pp. 771–
796.
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Héctor Yustos, Simulink Model for Teaching the Stick–Slip
Friction Phenomenon in ’Machine Vibration and Noise
course, International Journal of Engineering Education,
25(2), pp. 280–288, 2009.

Juan M. Munoz-Guijosa has a PhD in Industrial Engineering and works as Professor in the Mechanical Engineering
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