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1 Abstract 

The purpose of this work was to explore multimodal collaboration techniques 
to improve teaching technical medical skills. The methodology used was a 
user-centered design approach. Local anesthesia was chosen as a case study. 
After four observation sessions in the hospital, it was possible to identify three 
different modalities used to teach the skills needed for local anesthesia: voice, 
gestural and haptic. Based on that, a research question was defined: "Which 
modality among voice, gestural and haptic is the most effective to teach spatial 
information in a VR collaborative training system?". To address this research 
question, a prototype of an immersive virtual environment for teaching spatial 
information was developed. Users could interact with the prototype using a 
haptic device. Twenty-one volunteers participated in a user study to assess the 
impact of the teacher-learner communication modality on learning spatial 
information. The analysis of the results shows that instructions given through 
the gestural modality permitted the participants to reach a distance estimation 
error significantly lower than the two other modalities. On the other hand, 
receiving the instructions through a haptic modality helped participants 
perform the task faster.  This suggests that users were more confident with 
this modality. At the same time, the co-presence questionnaire results show 
that users found the voice modality to be more accurate for a collaborative 
experience. In the questionnaire on comparison of modalities, the gestural and 
haptic modalities were perceived as more adapted to learning and memorizing 
spatial information. These results contribute to understanding the importance 
of the suitable modality for transferring spatial technical skills in a healthcare 
learning environment. Besides, the research suggests that a combination of 
modalities could be the most appropriate way to teach technical skills such as 
spatial awareness by improving both performance and user experience. This 
opens new research perspectives for further investigations on the effectiveness 
of multimodal interaction to support technical medical skills teaching in VR. 
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2 Introduction 
 
 
This research is part of a vast project in the laboratory IBISC called Show-Me. 
Show-me is funded by "Agence Nationale de la recherche" (ANR) JCJC 
program.  

Traditionally, medical interns are trained based on the companionship model 
by training medical students during hospital internships supervised by 
experts. 

However, for ethical reasons and patients’ safety, as concluded by the 2012 
Haute Autorité de Santé training must "never [be] the first time on the patient". 
Therefore, the development of new innovative simulation-based medical 
training programs and techniques is becoming a necessity and an emergency. 
In this context, immersive Virtual Reality technologies are expected to play an 
important role. 

The Show-me project aims to design innovative multimodal and collaborative 
interaction techniques and user interfaces, allowing expert mentors to 
demonstrate their skills, supervise, and guide a mentee through a VR training 
environment to better transfer technical skills in healthcare. The project aims 
to determine the impact of interactive and multimodal collaborative training in 
Virtual Reality on transferring technical skills in healthcare. The project is 
based on the hypothesis that multimodal mentee-mentor interactions inside a 
shared virtual environment will improve the technical skills transfer and the 
trainee's learning experience compared to traditional teaching methods. 

The Show-me project focuses more particularly on teaching technical skills 
when performing a medical procedure. The cursor is put on mentor-mentee 
collaboration to ensure the appropriate transfer of this kind of skills.  In fact, 
teaching and learning are based on a collaborative process in which a teacher 
and a learner work together towards a common goal: knowledge transfer [16]. 
To ensure skills transfer, both sides can use different communication means 
and modalities during this process. The choice of the communication 
modalities to use depends on the skills to be taught [1], but also on the 
availability of these modalities during communication. To support the transfer 
of technical medical skills, it is then important to better characterize them and 
to identify the modalities that can support the teacher and learner 
collaboration. 
In this thesis, local anaesthesia was chosen as a case study to explore the 
teaching of technical skills. Following a user-centred design approach, the aim 
was to explore exiting teaching modalities for those type of skills in local 
anaesthesia. The focus was more particularly put on teaching spatial 
manipulations of the instruments during this procedure. Based on field 
observations, three teaching modalities were identified: verbal (voice), visual 
(gesture) and haptic (touch) modalities to guide a learner during instruments 
manipulation. Therefore, a research question emerged: 
 

"Which modality among voice, gestural and haptic is the most effective to 
teach spatial information in a VR teaching environment?" 

 

The work will be described in seven chapters. 
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The first part of the work was to achieve a better understanding of the context. 
A literary review of the main subjects of the study is presented in the chapter 
2. It is divided into two main sections:  

Medical education: it touches upon the current teaching process 
explaining the role of the simulation, teachers as coaches and a hint of 
the recent multimodal interactions in this field. 
Multimodal collaborative interaction for learning: The literary review 
was approached in a top-down manner, starting from a broader 
understanding of multimodal interaction in Human-computer 
interaction to then defining more specifically the input and output 
possibilities. Besides, the design and evaluation of multimodal 
interaction approaches were explored. After having a good 
understanding of that, it was possible to integrate a collaborative 
component. After a more general literary review of collaboration, more 
focused research on collaborative virtual environment (CVE) was 
performed. Finally, the central topic review is focused on multimodal 
collaborative interaction for learning. 

The remaining of the document is organized as follows: 

Chapter 3 explains the work done in understanding the user. This part 
describes the observations done and the insights produced. Besides, this 
chapter illustrates the Hierarchical Task Analysis (HTA) and the research 
question and how it was possible to arrive at that.  

Chapter 4 describes the design and the development of the prototype. 

Chapter 5 illustrates the experimental apparatus. It describes the hardware 
used, the experimental design and the data collection techniques chosen for 
the experiment. 

Chapter 6 shows the evaluation of the experiment with the result obtained and 
the discussion about them.  

Finally, chapter 7 illustrates the conclusion of this work. 

 
 
 

3 Literary Review 
 

3.1 Medical Simulation 

Medical students are usually involved in several teaching techniques during 
the learning path in the preclinical years. Accordingly, the study by Saundra E. 
Curry [2] focused on anaesthesia medical training in the USA. In the 
preclinical years, the most common approach used for medical learning is the 
traditional lecture. Then, students follow small group teaching sessions. 
Another style of learning used are full-body simulations. Contemporary, only a 
tiny percentage of students have live patient access with simulation or in the 
operating room (OR) during their studies.  
 
Later, during clinical years the OR training is the first learning technique used. 
Besides, learning approaches such as traditional lectures and small group 
teaching sessions still have a high importance [2]. Following the model 
10/20/70 (ideated originally by Morgan Mccall, Robert W. Eichinger and 
Michael M. Lombardo), individuals obtain 70 per cent of their knowledge from 
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experience and practice, 20 per cent from the interaction with others (includes 
mentoring and coaching), and only 10 per cent from formal traditional 
courseware instruction [3]. Hence, the OR teaching approach is open to 
multiple opportunities to learn technical skills, potential complications, and 
medical devices. Besides, OR simulation can improve decision making and 
develop psychomotor skills [4]. Furthermore, it is a worthy approach for 
learning fundamental teamwork skills during medical career life [5] [6]. 
However, the OR teaching method gives a considerable margin of error due to 
the healthcare complexity and the inexperienced student approaching their 
first OR.  Errors are critical and could be significant when happening in an OR. 
For that, medical simulations are increasingly applied in the teaching process. 
Apart from the less risky learning method where the students can learn from 
their mistakes without serious problems, simulation has many advantages for 
medical training. For example, it can permit the learner to focus on the whole 
procedure or just a specific task. Students can also have feedback in a real-life 
OR and repeat specific procedures and scenarios [7]. In the OR scenario, 
expert doctors play a vital role in learning outcomes. They can improve the 
performance of novices by coaching them.  
Indeed, coaching (or mentoring) reduces the training time significantly and 
increases performance [8] [9]. 
The coach (or mentor) uses a combination of provocation, questioning, 
challenging and encouragement [8]. Furthermore, coaches immediately give 
iterative feedback to discover mistakes and inspire the learners to reach their 
maximum potential [8]. 
 
The inexperienced doctors could affront a high level of workload during the 
surgical practice. The teacher could use different techniques to understand 
the moment of difficulty of the novices. For example, eyes behaviour can be 
used to interpret the mental workload of surgical students [10]. Indeed, the 
monitoring of pupil dilation could suggest the workload of the student [11]. A 
high mental workload could affect decision-making, change performance, and 
negatively increase the probability of errors in the surgery [10]. Expert doctors 
monitoring the mental workload can give proper instructions to help novices 
or encourage them. These instructions are currently delivered via verbal 
communication or physical pointing devices in specific operations such as 
laparoscopic surgery [12]. However, these interaction modalities are not 
enough to simulate the multimodal interaction between doctors during a 
surgical procedure. Indeed, collaborative learning simultaneously includes 
verbal and non-verbal communication, for example, utterance, gaze, and 
gesture [13], but also, social aspects such as social presence and social 
richness.  
Kangsoo Kim et al. [14] investigate the role of virtual visual assistants and 
their potential to replicate the social aspects in collaborative decision making. 
Participants performed in three different ways in that study: without any help, 
with a disembodied voice assistant, with an embodied assistant. The embodied 
assistant was more helpful for improving task performance, keeping the task 
load low, giving more sense of social presence and richer social 
perception.  Fei Wu et al. [15] confirm that visual assistance improves 
effectiveness in collaborative guidance tasks. Although the combination of 
visual and audio cues has the same performance and effectiveness of the 
single modality configuration, participants found the combination 
configuration easier to follow than the single-modality condition. Immersive 
technology like virtual reality gives space to these types of assistance. 
OR in virtual reality is perceived as adequately immersive to replicate the 
social factors. Furthermore, the Virtual Operating Room (VOR) can simulate 
the real-life difference in mental workload between novices and experts based 
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on the perception of auditory distraction that most frequently occurs in the OR 
[16]. 
 
These insights open thinking about VR technology as a potential solution for 
teaching medical novices. 
The real OR environment gives the student the advantage of feeling the patient. 
VR headsets cannot achieve this feeling alone. Therefore, a combination of VR 
headsets and a haptic feedback system could have a worthy role in providing a 
more realistic environment and interaction. The haptic-visual modality could 
help the learners achieve technical skills by fully representing the situation 
and context [17]. Besides, for collaborative learning, the haptic interaction 
should include force-feedback. Indeed, the haptic-force-feedback, aside from 
increased task performance in the collaborative virtual environment (CVE) [18], 
increases the perceived togetherness between people and their virtual 
presence perception [19]. 
 
In CVE, experts and novices can communicate through connecting multiple 
haptic devices, for example, in the master-slave mode where one haptic device 
(slave) moves based on the movement of another haptic device (master). In this 
way, experts can give haptic feedback on the students' devices when they are 
in difficulty or making mistakes to maximise the learning impact. Otherwise, 
the non-aligned feedback might not be effective or even interfere with skill 
learning [20]. 
 
To summarize, medical education is based on the coaching or mentoring 
model where the teacher (mentor) communicates the new skills to the learner 
(mentee) using different modalities.  However, due to ethical and patient safety 
issues, new simulation-based systems that support the coaching model need 
to be designed. In this context, CVEs offer an interesting alternative to live OR 
teaching sessions by supporting multimodal mentor-mentee communication 
inside a safer virtual environment. However, the design of effective CVE that 
support multimodal interactions for an effective learning of technical medical 
skills remains an open issue. Our objective is then to explore this topic more 
in depth.  

 

3.2 Multimodal collaborative interaction for learning  
 

3.2.1 Multimodal interaction in HCI 
 

Since birth, humans interact with the surrounding environment in a 
multimodal way. The five human senses use different modalities in a sequence 
or parallel manner to perceive, understand, learn, and communicate. 
To interact with each other, people use a combination of verbal and non-verbal 
communication cues. The latter includes gestures, eye gaze, and facial 
expressions, sometimes in parallel. They can give as much information as a 
speech interaction [21]. 
In contrast, Human-computer interaction research focused for years on 
unimodal communication. People used to interact with the computer with only 
text input through typing on a keyboard. At the same time, it's possible to 
argue that all interactions are to some extents are multimodal [22]. For 
example, the interactions within a webpage include different modalities such 
as cursor movement, typing text, click button, audio cues, etc. 
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Indeed, multimodality is defined as input sources from multiple sense 
modalities at a time [23]. 
In HCI, modality is the mode of communication that human through their 
senses and actions use to interact with a computer [22] [24]. Some examples 
of modalities that use the human senses are possible to see in a well-known 
device such as the smartphone. People interact with the smartphone through 
cameras (sight), haptic (touching) and microphones (hearing). Even if 
interfaces that use smell and taste as modalities are still in their infancy, they 
already exist as an opportunity for a multisensory interaction [25]. 
Multisensory integration would contribute to having more perceptual 
experience in multisensory events. It refers to the processes that giving input 
information by different individual sensory modalities influences other sensory 
modalities. Besides, the influence effect could be different by distinct input 
sensory combinations [26]. Hence, the research on multimodal interfaces will 
probably naturalise more the interaction between humans and computers. 
Finally, sensory modalities have two most common approaches: Cross-modal 
and Intramodal. 
Intramodal modality relies on a single human sense for the exchange of 
distinct pieces of information to achieve a goal [27]. 
Instead, cross-modal modality stimulates different sensory modalities with the 
same information [28].  
The information moves across modalities to arrive at a different human sense 
of the input one for then to be analysed [23]. 
 
3.2.2 Input and output  

Users can interact with a multimodal interaction system in several ways to 
achieve a particular output. The list of Blattner and Glintert [29] and then the 
updated one by Turk et al. [22] ( 

Table 1) tried to categorise examples of input and output filters by 
modalities.  The emerging technologies and the expansion of the interaction 
modalities give space for updating the table. For example, sensor modalities 
can detect neural activity and use them as input/output (ex. emotion 
recognition) [22] [24]. 
Besides, a multimodal system enables series or parallel interactions to create 
several sets of modalities.  These sets could be, for example, a speech and pen 
input, speech and gestures, gestures, and face movement tracking, 
etc.  Nowadays, the most common modalities in multimodal interaction are 
speech and gestures [24]. 
The gestures input interaction is based on the computer capacity to recognise 
specific user movements. Recognition techniques could be classified as 
sensor-based, vision-based, depth-based [30]. 
Briefly, sensor-based uses electronic gloves or sensors for precise hand-
gesture modelling and recognition [30] [31], besides this technique is the most 
widespread [24]. Vision-based where users have contactless communication 
with the system and digital cameras are used for capturing images that can be 
processed and analysed [30] [32]. Additionally, vision-based recognition does 
not require wearing new devices [30], even if, in some cases, as colour-based, 
users have to wear additional colourful gloves [30] [32]. 
Finally, depth-based where depth-camera, as Kinect device, is used to provide 
3D geometric information about the object without being affected by 
illumination, shadow, or colour [30] [32]. 
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Modality Example 

Visual Face location 
Gaze 
Facial expression 
Lipreading 
Face-based identity (and other user characteristics 
such as age, sex, race, etc.) 
Gesture (head/face, hands, body) 
Sign language 

Auditory Speech input 
Non-speech audio 

Touch Pressure 
Location and selection 

Biosensor Brain-computer interfaces 
Emotion recognition 
Cognitive load estimation 

Other sensors Sensor-based motion capture 

 

Table 1 list of input modalities [22] 
  
From an input in a multimodal system, the user will expect an output. Indeed, 
multimodal interaction aims to support communication between humans and 
machines in both directions (input/output) [22]. The multimodal output 
presents information to the user using multiple sensory modalities [27]. Hence, 
feedback could include non-visual modalities such as haptic or audio output 
(in Table 2, some possible feedbacks are mentioned).  
The haptic simulation aims to recreate the feeling of object manipulation in 
the real world [33]. Haptic feedback helps understand rigid objects through 
cutaneous sensation, tactile feedback or the kinesthetic sense [27]. 
Vibrotactile feedback and force feedback are the most used haptic output. 
Briefly, vibrotactile uses vibration to deliver information [33] unobtrusive 
without overloading the operators [34]. Besides, the main uses are to attract 
attention or give feedback about the interaction [27]. Instead, force feedback 
could use two different types of force: resistive and attractive. Resistive is a 
force that goes against the movement, while attractive is a force that favours 
the action.   
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Modalities  Example 

Non-Visual Feedback Haptics 
Vibrotactile Feedback 
Thermal Feedback 
Force Feedback 
Pressure-Based and Deformable 
Interaction 

Non-Speech Audio Feedback Spatial Audio Output1 
Auditory Icons 

  
Table 2 list of some output modalities [29] 
  
Most haptic devices permit interaction in both directions (input/output). The 
most famous device for haptic feedback is the Phantom Omni. It can simulate 
force, tactile sensation and kinesthetic through a mechanical arm associated 
with a pen-like part [35]. Similar devices are an opportunity to explore more 
about multimodal interaction and give space for various research in plenty of 
applications. For example, in healthcare areas where studies that use a 
combination of the virtual environment (VE) and haptic devices with force 
feedback are the trend [36]. Humans simultaneously use coupled modalities of 
sight, sound, and touch. Hence multimodal interaction can learn from how 
humans handling the multimodal information flow [37]. More research 
explored the psychological effects of using different combinations of modalities. 
For example, Wilson et al. [38] explore a mix of interactions to convey 
emotional information. They study several combinations of vibrotactile, 
thermal and visual feedback and then combine all three modalities. Results 
show that trimodal interactions extend the affective range of a display, 
in comparison to single modalities. This helps to access emotional states such 
as pleasant excitement and unpleasant calmness and to give a feeling of 
arousal to the users. It can be an insight into the effectiveness of modalities 
connect to the user's emotion. 
The combination of output modalities as visual, auditory, and vibrotactile 
feedback could be used to increase the perception and the importance of the 
event. Indeed, bimodal or trimodal warnings are more effective as alerts [27].  

3.2.3 Impact of multimodal interactions  
 

Multimodal interaction systems aim to deliver a more natural interaction. Also, 
they support the people's perceptual and communication capability through 
interaction that could involve all the five senses [39]. 
Multimodal interface gives a more authentic and transparent experience to the 
users through a more conversational style. Besides, using many modes 
(speech, manual gestures, pen input, body movements, eye gaze, etc.), 
Multimodal interface is open to unlimited and more spontaneous interactions 
[40]. 
In addition, multisensory, or multimodal actions can have a substantial effect 
on stimulating cognition. They improve long-term memory and give more 
elaborated learning. For example, writing complex letter shapes increases 
brain activation and improves the durable ability to recognise letter shapes 
over time for children and adults [41]. This example involves a combination of 
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haptic, auditory, and visual feedback to create a long-term sensory-motor 
memory [42]. 
Thanks to the flexibility of interaction, users can solve actual complex tasks 
with more self-control of their cognitive load and minimise performance errors 
[43]. Besides, multimodal interaction is preferred by users as compared to 
unimodal interaction [44]. 
Also, multimodal interfaces are more accessible and perform better when 
different modalities are simultaneous because humans can support 
complementary information processing in separate brain regions. For example, 
simultaneous process information presented auditorily and visually will be 
easier for users than having two auditory tasks [42].  
 
 
3.2.4 Designing multimodal interactions 

 

The design process for multimodal interaction systems has to consider 
multisensory information that controls human perception, attention, language, 
memory learning and other behaviours [42]. 
Designers must choose between plenty of modalities and how to combine them 
[45]. Besides, a multimodal interface can have different necessities based on 
the environment of use for various reasons. These should also be affected by 
the user preferences and context of use.  
Generally, designing an interface follows three standard steps: 1) Identification 
of the information to exchange between users and the artefact to be built; 2) 
Find a good match between information and input/output modalities in terms 
of usability, efficiency, functionality, etc. 
3) Design, implement and test [46]. 
Nevertheless, the second step in designing a multimodal interface could be 
cumbersome. Indeed, during this step, the designer must consider the 
following requirement defined by Reeves et al. [45]: 
Design for the broadest range of users and context of use. It means that the 
design process must consider users' characteristics like cognitive abilities, 
level of experience, cultural background, and physical attributes like age, 
vision, and hearing. 
Consider privacy and security issues due to the multimodal interaction. For 
example, some users might experience situations where speech input or 
output could be inconvenient from a privacy perspective. For example, in that 
case, a non-speech alternative must be designed. 
Maximise human cognitive and physical abilities. For example, the designer 
should reduce the user memory load by choosing a suitable modality.  
Integrate modality compatible with user preferences, context, and system 
functionality. Add a modality only if it gives an improvement of efficiency, 
satisfaction, etc.  
Design a flexible interface. Multimodal systems should be adaptable to the 
different abilities and needs of the user and diverse contexts of use. 
Be consistent. For example, output results should be the same after typing or 
pronouncing the same message. 
Give Feedback. Users must know where they are in the system and which 
modalities they can interact with. 
Prevent users from error. For example, allow undoing, make functionalities 
clear and easy to discover, let users decide the best suitable interaction 
modality for them, etc. 
  
When different modalities compete, information processing may be more 
challenging. Therefore, to delineate multimodal interactions must consider the 
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data distribution across complementary input and output modalities. For 
example, verbal input is more compatible with simultaneous visual than 
auditory output [42]. 
 
3.2.5 Collaborative systems 

 

Over the years, tasks have become more difficult to solve on one’s own. People 
approach complex situations at work but usually they are proficient at a single 
out of multiple skills required to overcome these. Collaboration is fundamental 
to achieving the knowledge or skill that a single team member usually cannot 
provide [47]. It is also important to ensure skills and knowledge transfer from 
a teacher to a learner. 
Indeed, collaboration definition could be synthesised in "coordination of 
multiple individuals to solve a problem together" [48]. 
Collaboration in presence is not always possible for many reasons like 
distance, time constraints, etc. 
In this context, new technologies can play an important considerable role in 
supporting collaboration.  
Collaborative technologies aim to support teamwork and improve human 
interactions. They can be either asynchronous or synchronous. Briefly, an 
asynchronous system allows freedom of time, which means that people have 
more time to reflect and do actions. Instead, the synchronous system provides 
real-time collaboration [49]. 
Collaboration is universally used in various learning environments such as 
active learning. 
Active learning improves learning outcomes [47] [50] involving multimodal 
actions as speaking, listening, writing, etc.  
Relative to that, collaborative learning requires the student to take action in a 
group environment and manage relationships with the team [51]. 
A collaborative environment could be divided into several categories. The most 
two common are collaborative problem solving (CPS) and collaborative decision 
making (CDM). 
Arthur et al. [47] mentioned some of the common characteristics of CPS: 
Groups have to solve a problem and move from a starting point to a goal state. 
During the solving process, team members can detect if they achieve the goal 
or the state of the process. 
Team members have different roles and different tasks. 
The team is more heterogeneous to have different resources.  
Instead, CDM has some divergent characteristics. Indeed, CDM team members 
have the same set of tasks to accomplish and often with the same information 
[47]. CDM could cover different fields, which can require a high-performance 
collaboration and decision-making to affect life. For example, CDM efficiency is 
critical in the field of emergency and disaster management. According to 
Kapucu et al. [52], literature on decision-making in emergencies focuses on 
training the organisational capacity and individual skills to prepare the 
professional for the context of emergency management.  Besides, the literature 
focuses primarily on the importance of communication. It is responsible for 
exchanging knowledge across participants. Communication helps to overcome 
differences in the arising viewpoints and professional points [53]. Another 
significant aspect of the collaboration is the understanding and appreciation of 
the roles in the team. It helps to develop better communication and 
relationships [53]. 
Also, when communicating in a collaborative environment, it is crucial to have 
common ground that helps shape a conversation on the right path. This 
process is called grounding and helps to have a common understanding of the 
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situation, of the purpose and establish a common language based on team 
knowledge [54] [55]. 
In a collaboration environment, inadequate communication could create a 
cumbersome experience that increases the task load. New technology could 
have a role in that.  Kim et al. [14] observe that a combination of Intelligent 
Virtual Assistants (IVAs) and Augmented Reality (AR) can improve 
performance and reduce the task load in CDM. Besides, the combination also 
increases the sense of social presence. Social presence is crucial in 
collaboration. It maintains a sense of the physical presence and feeling of 
working with a team [56]. 

3.2.6 Collaborative virtual environment 
 

Collaboration requires a high-performance environment to allow for a good 
experience. In the last twenty years, a good number of studies explore the 
possibilities of collaboration within shared virtual environments. Most of them 
are based on the exploration of mixed reality technology. According to the 
systematic review done by de Belen et al. [57], mixed reality is an excellent 
approach to create a shared environment for multidisciplinary collaboration. 
People in Collaborative Virtual Environments (CVEs) can work together in 3D 
objects or exchange information [58]. The experience of CVEs experience must 
have several aspects: 
A high level of awareness 
A high-quality communication environment that helps to perform the 
coordination without difficulty. 
Awareness is the understanding of the environment and of the actions that 
others perform. It provides a context in one’s activity [59]. The awareness of 
others could be achieved by several perception sources such as auditory and 
visual; it increases efficiency and reduces errors in CVEs [58]. 
Awareness is a complex concept and there are several types of it. The most 
common awareness types are defined as social awareness, action awareness 
and location awareness [59]. More precisely, Carrol et al. [60] discuss social 
awareness and action awareness. The first is the perception of the other's 
presence in the environment, and the second is the knowledge of the changing 
state of the objects in the collaborative environment.  
Location awareness is the understanding of each other's position in the 
environment [59]. 
Several studies [60] [61] defined the achievement of a good state of awareness 
of others as more challenged in a virtual environment instead of face-to-face 
collaboration. However, the virtual environment has not only the knowledge of 
other people as a concern. Virtual entities have an essential role in the 
immersive environment to improve the perception process and the awareness 
of the virtual world [58]. Entities in the world influence communication.  
Indeed, Guye-Vuilleme et al. [62] included artefacts in the three main 
channels humans use in nonverbal communication (NVC). Besides, NVC uses 
the body and its movements and the distribution of the individuals in the 
space. Non-verbal cues like gestures, utterance, gaze, and posture have a 
critical role in interpersonal communication. The medium capacity to transmit 
them can influence the communication quality and the level of social presence 
[59]. 
When people interact with each other through a specific medium, the level of 
social presence is the extent to which this medium can be perceived as 
sociable, warm, sensitive, personal, or intimate [63] [64]. Different modalities 
can help with that. For example, haptic communication can simulate physical 
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contact, improving the feeling of intimacy and sensitivity with another person 
in CVE [65]. 
To summarize, designing CVE that support collaborative learning of medical 
skills requires providing cues on the other’s activities and to enrich 
communication channels while trying to understand how the combination of 
different communication modalities impacts mentor-mentee interaction in 
these environments. The following section will explore the use of multimodal 
interactions for learning using CVE. 

3.2.7 Multimodal Collaborative Interaction for Learning 
 

Multimodal virtual environments such as Mixed Reality (MR) allow annotation 
in the user views during remote collaboration. That information can be 
overlaid.  Hence, it will enable multimodal communication between 
collaborators providing visual, auditory, or haptic cues [57]. 
These functionalities are attributable to a learning experience.  
Indeed, multimodal interactions improved student's ability to generate ideas 
and learn actively. These insights improve the learning process in comparison 
to a non-multimodal experience [66] [67]. Multimodal learning experiences 
also increase the level of emotional and spatial presence [67]. Context-based 
and situated learning using multimodality can be represented and designed in 
a VR experience. VR offering a collaborative experience can allow learners to 
focus attention and connect with the material. VR may encourage multiple 
perspectives through communication and interaction, helping construct 
shared knowledge [66] [68]. Besides, in a collaborative application such as VR, 
users can receive input from multiple other users and simultaneously give 
information to various users. These features fit perfectly with collaborative 
learning and the development of shared and complete knowledge based on 
different viewpoints [68]. Therefore, collaborative MR research significantly 
focuses on the area of education and training [57]. MR research explores 
various interaction techniques. For example, Webb et al. [69] investigated the 
influence of haptic feedback on the learning process of key concepts in biology. 
The study didn't show a significant difference in knowledge gain between 
environments with and without haptic feedback, but according to the users' 
found, the haptic experience to be completer and more authentic [69]. 
Nevertheless, J. de Belen et al. [57], in their systematic review for collaborative 
mixed reality technologies, found that the most effective interaction is the real 
hand interaction at this moment. 
Users with their "human hand" have found manipulating virtual objects faster 
and more precise [57]. Also, multimodal learning matches the study of social 
semiotics that refers to the study of symbols. It involves the signifier (the form) 
and the signified (the meaning). Indeed, by providing the students with a 
multimodal learning environment, they can choose the signifier that best fits 
them to learn the signified [70]. Accordingly, each modality has a different way 
that learners express understanding. For example, visual mode uses visual 
language and conceptual images [70]. These give insight into the design of 
multimodal CVEs for learning. The designer must decide the appropriate 
communication modes based on the skills that the application aims to teach 
[71]. However, the amount of research in this area remains limited, more 
particularly when it comes to study multimodal learning of technical skills [72]. 
The few studies conducted in this area suggest that if workload is high in one 
modality, skills should be communicated through another modality (according 
to the modality appropriateness hypothesis [73]) or in a multimodal way [72]. 
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This was shown to reduce the learner’s workload and, therefore, to enhance 
the skills transfer [72]. 
 

To summarize, research and theories in multimodal collaborative interactions 
suggest that multimodal communication can enhance collaboration and 
technical skills learning. This positive impact is mainly explained by the 
reduction of the workload, due to intuitiveness of multimodal interactions and 
to a distribution of information processing across modalities. This in turn 
leads to a better learning. However, research in this area remains insufficient 
to understand the impact of combining different modalities on technical 
medical skills transfer. 

 
The exploratory work presented in this thesis is a first step towards answering 
this complex question. The objective is to understand how reusing 
communication modalities utilized in the real word would impact 
communication between a learner and a teacher during skills transfer inside a 
CVE. 
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4 Understanding the user 
After exploring the existing literature, a more in depth understanding of the 
context of the current environment for teaching local anaesthesia was 
necessary. Intending to explore communication modalities effective for medical 
teaching in CVE, the work followed a user-centred design approach. Indeed, 
the user-centered design methodology permits a better understanding of the 
actors' behaviour in the learning environment for local anaesthesia.  Besides, 
it helps to have a clear vision of the user's needs. In this phase, the main 
objectives were to understand the skills needed to perform the local 
anaesthesia and observe the communication between teachers and students 
in the learning environment. 

4.1 Observations 
 

Four observations were performed to get insights into current teaching 
simulations and multimodal interaction between expert doctors and students. 
The first two visits were at LabForSims, a simulation medical centre, in the 
Paris Saclay Faculty of Medicine. The other two were in the Centre Hospitalier 
Sud Francilien (CHSF), in Évry - Corbeil-Essonnes. 
During the simulations, the observations were in the same room without 
interfering with the sessions. Besides, it was possible to interact with teachers 
and students to ask questions and clarifications at the end of the session. 

4.1.1  LabForSims 
 

Both visits in LabForSims were in March 2021, precisely on the 15th and 16th. 
The first visit was a simulation day of needle insertion in a blue phantom 
block model (BPBM) for local anaesthesia (Figure 1). This device guides venous 
access and regional anaesthesia peripheral nerve block training. It offers a 
scanning environment that simulate the human body. 

Figure 1 BPBM system, In the center is possible to see the blue phantom and the output 
screen. In the right, there is the ultrasound device.

This observation session aimed to understand the actions needed and analyse 
them to extrapolate the hierarchical task analysis for needle insertion during 
the local anaesthesia procedure. In the Figure 2 shows a participant while 
performing the simulation of needle insertion. 
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Figure 2 Participant performing the simulation of needle insertion in the BPBM

The second visit was an immersion day in OR simulation where students were 
divided into groups and involved in different scenarios and tasks. On that day, 
it was possible to understand the interactions between teachers and students 
and how medical simulation for teaching works with small groups.

4.1.2 Centre Hospitalier Sud Francilien  
 

Contrary to LabForSims observations, in CHSF, the sessions were more 
specific in teaching technical and motor skills to the students. Indeed, in the 
first session done on the 2nd of June 2021, two expert anaesthesiologists 
taught five nurses to use an ultrasound scan to insert a needle. The nurses 
did not have any prior experience in using an ultrasound scan. The session 
had two main sections: theoretical and practical. The theoretical part lasted 
two hours, where the experts explained each for one hour how apparatus 
works, possible complications, and general technical information. After that, 
experts in anaesthetics set the experimental session. The simulation used a 
blue phantom block model (BPBM) as the one of LabForSims. After preparing 
the environment for the BPBM, the anaesthesiologists gave the nurses the 
needle and the ultrasound. This session aimed to observe communication 
between experts and novices in a simulation teaching environment and 
simultaneously find paths with previous observations about actions needed for 
needle insertion. 
During the last observation on the 23rd of June 2021 the author assisted in 
two actual performances with patients of a novice anaesthesiologist. The goal 
was to understand the behavioural change between a natural environment 
and a simulation. At the same time, it helped confirm previous observations 
about communication between doctors and action needed. 
 
4.2 Observations Results 

 

Observations allowed gaining some insights about needle insertion experience 
and communication between teacher and students. Common paths between 
them gave an understanding of the importance of the ultrasound screen and 
how it works in during the local anaesthesia procedure.  
Local anaesthesia involves a specific area of the body and permits the painless 
treatment of various conditions while the patient is conscious. Patients with a 
local anaesthesia treatment can recover quicker than patients with general 
anaesthesia. Besides, it is usually a safer procedure. The anaesthetist, during 
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the process, inserts a medication called anaesthetic. It can stop the nerve to 
send a signal to the brain and so the patient doesn’t feel pain. The 
anaesthetist has to insert the needle as close as possible to the nerve and put 
the anaesthetic. This task is guided by using an ultrasound imaging system 
allowing the clinician to see the needle and the structures inside the body. The 
ultrasound image is displayed on a 2D screen (figure 1). This process needs 
very high precision. Indeed, if the needle touches the nerve, it will be an 
insupportable pain to the patient. For this reason, during their academic path, 
students are involved in simulation and teaching sessions multiple times. 
Teachers and students first focus only on the needle before inserting it into 
the BPBM or the skin. After that, they focus their attention on the ultrasound 
screen to get feedback and decide the following action. Besides, teachers use 
the ultrasound screen output to understand when they are in difficulty and so 
give real-time feedback to help or stimulate students. This apparatus is a 
suitable medium for the needle insertion experience. Indeed, it is an integral 
part of the primary two points extrapolated by the observations: The 
hierarchical task analysis (HTA) and the research question. 
 

4.2.1 Hierarchical task analysis (HTA) 
 

The observations on needle insertion simulation allowed creating a common 
path about the tasks needed to accomplish the goal. It was possible to define 
three main stages of the experience: set up of the environment, needle 
insertion and anaesthetic injection.  
During the environment set-up, the participants mainly prepared the 
ultrasound device. In order for the ultrasound device to work it needs to have 
a special gel to get vibration and give output. Hence, the participant put the 
gel required and moved the ultrasound device on the surface of the BPM to 
check if it provides output correctly on this section. The main step was the 
needle insertion. The participants were trying to identify the exact point to 
insert the needle and perform all the movements to reach the desired position. 
To reach the position, they were using the ultrasound with the left hand, while 
with the right hand they were moving the needle inside the BPBM or the skin. 
At this moment, they were looking only at the ultrasound screen and never at 
their hands. Finally, when they reached the desired position, they left the 
ultrasound aside to start the last step. In the anaesthetic injection, they hold 
the needle with one hand and take the anaesthetic wire with the other one. 
After inserting the anaesthetic wire into the needle and sliding it, they check if 
the wire arrived in the correct position, then the simulation is finished. More 
details of actions are described in the HTA in Figure 3.  
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4.2.2 Communication modalities

CHSF observations gave several insights about the communication between 
teachers and students. The teacher was like a coach. Indeed, they provided 
feedback to let students understand the error and encourage them during the 
procedure performance. These observations confirm the importance of the 
coaching and mental workload monitoring found in the literary review [8] [9]
[10].
Teachers use voice modality as the first choice to communicate with students. 
Besides, they decided to use different modalities if they think they are not 
giving enough information by voice modality. These observations confirm that 
the teaching is currently mostly by voice [12] . At the same time, the verbal
modality has to be supplemented by non-verbal communication [13] to have a 
better teaching experience. Indeed, teachers used more modalities to be 
clearer and let students understand the instructions.
During the sessions, the communication between doctors and nurses involved 
mainly three different modalities: voice, gestural, and haptics.
In detail, teachers used the voice modality as the first choice to give real-time 
feedback and stimulate the students. For example, a voice instruction was 
"move a little deeper (and) to the left and orient your needle more horizontally”. 
Then, if the voice feedback was not deemed enough, the experts used the 
gestural modality to explain the proper movement that participants should do. 
When using the gestural modality, they try to find visual contact with the 
participants. During the gestural instruction, the teacher was moving the 
hand as if it was the student's hand. During the simulation, an 
anaesthesiologist was always near the participant. Indeed, if the explanation 
with voice and gestures was not enough, they were ready to guide the 

Figure 3 Hierarchical Task Analysis (HTA) needle insertion
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participant's hand physically and force the movement. This is considered as 
the haptic communication modality. Finally, after the five simulations, it was 
possible to understand that according to the participants finding the right 
needle orientation and performing the movements inside the BPBM were most 
challenging. Indeed, they needed more help from the teachers. These give 
insights to observe more how the three different modalities influence the 
performance in the simulation. 
These insights allowed extrapolating, the research question "Which modality 
among voice, gestural and haptic is the most effective to teach spatial 
information in a VR teaching environment?". 
To answer this question, a first prototype of a teaching CVE was designed and 
developed, and a user study was conducted. 

 

5 Design and Development 
A first prototype was developed to compare the effectiveness of spatial 
information teaching using virtual reality and multimodal experience. To 
simulate spatial information teaching, a new task was defined. Since the 
objective was to understand the use of communication modalities for teaching 
rather than simulating a real anaesthesia procedure, the task was simplified. 
The new task consisted of picking up a 3D sphere from a starting point and 
dropping it at a target position using a virtual tool. The participant would have 
indications concerning the target position using three different modalities: 
vocal, gestural, and haptic. This task mimics the manipulation of a needle 
with a mentor guiding a mentee during this manipulation. The sphere 
positions mimic the different structures the learner must reach during needle 
manipulation. The main research hypothesis was that the communication 
modality used to guide the learner would have an impact on user performance 
and on user experience. The following section explains in detail how the 
prototype was created and how the user study was designed.  
 
5.1 Prototype 

The prototype was developed in Unity3D. It permits the implementation of a 
multimodal virtual experience, and it is compatible with the different tools 
(haptic device, VR headset, etc.) necessary to address the research question. 
The application consisted of five different scenes. There were two colourful 
plane surfaces in all the scenes, one horizontal yellow and one vertical red ( 

Figure 4).  
 

Figure 4 Virtual environment trial simulation.
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These surfaces were determining the range of movements that users were 
allowed to do using the haptic device. During the experience, the prototype 
had some audio explanations to remind the user what they could expect in the 
next scene. In the Appendix A is describes each scene in detail. 
 

Modality English Version 

Voice You are going to test the voice modality. When you are 
ready, you can put the sphere in the capsule using the 
haptic arm and click on one of the haptic arm buttons. 
The experimenter will then verbally give you the 
instruction on the movement to reach the target. 

Gestural You are going to test the gestural modality. When you 
are ready, you can put the sphere in the capsule using 
the haptic arm and click on one of the buttons to begin. 
You will then visualize the movement of the 
experimenter's virtual hand to show you the action to 
achieve to reach the target. 

Haptic You are going to test the haptic modality. When you are 
ready, you can put the sphere in the capsule using the 
haptic arm and click on one of the buttons to begin. The 
haptic arm will be locked in the start position before the 
haptic instruction begins. The experimenter will then 
move your haptic tool to show you the movement to 
reach the target. 

 

Table 3 English audio instructions 

 

6 Experimental Apparatus 
 
The study was planned to evaluate which modality among voice, gestural, and 
haptic was the most effective for spatial guidance in a VE.  Hence, participants 
performed the user tasks in the VE prototype. The participants had to perform 
twelve trials for each modality. A trial is composed of (1) one instruction given 
through the current modality and (2) the performance of the manipulation 
task by the user following the received instruction. The participants received 
four instructions of movement along each axis (X, Y, Z). The user had to follow 
the instruction, focusing on the amplitude of the movement instead of the 
starting and ending positions. Indeed, the starting and ending positions 
changed for each trial. This decision was made to avoid that the users’ actions 
were based on the ending point and not the instruction. The following section 
discusses the experimental setting. 
 
6.1 Overview 

The environment was set up in the IBISC laboratory of Paris-Saclay University 
located in Évry-Courcouronnes, near Paris. As seen in  

Figure 5, the user had a personal space to perform the tasks. 
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Figure 5 User's desk where perform the experience. On the left : the VIVE Pro 
headset.

The physical environment was set up in a way to simulate the virtual one. The 
physical yellow plane corresponded to the same virtual yellow plane for the 
space of movement and colour. Besides, the haptic device movements possible 
were similar too. Indeed, when the user touched the virtual plane in the VE, 
they felt the solid yellow surface with the haptic device. This intended to limit 
the space perception differences between the real and the virtual worlds.

During the test, the participants were using a Vive Pro VR headset to immerse 
themself in the VE and Geomagic Touch haptic device (

Figure 6) for interacting with the application. Unity3D was the engine to 
develop and run the application.

        

Figure 6 Geomagic Touch haptic device 

6.2 Measures and Methods

To evaluate the user experience to answer the research question, both 
objective and subjective measurements were used.
6.2.1 Objective measures

Before starting the experiment, each participant did a pre-test in a paper. The 
pre-test (Figure 7 Pre-Test example) had eight different instructions that 
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corresponded to eight lines. The objective was to control interpersonal 
distance estimation of participants. 
 
 
 
 
 

 
 
 
 
 
 
The instructions were about distance estimation. The user had to read the 
instruction, and for each line from the starting point, mark the endpoint. An 
example of a task required was "five cm to the left". Besides, each line had a 
starting point defined by a black circle. A digital ruler was used for data 
collection.  
While preparing the virtual user test, each trial was labelled with a name.  
Each trial name was corresponding to a specific instruction. It was helpful to 
match then the user actions with the action expected. 
Instead, the users' performances were monitored automatically during the VE 
user test, then analysed. Indeed, each time that the user acted, the 
application saved several data in a CSV file. In detail, the data stored were: 
 

Identification of the name of the trial. It was helpful to understand the 
dimensions used and the movements expected.   
Number of participants 
Current modality 
The starting point of the object. 
The release point of the users 
Time of the performance in seconds. 

 

Figure 7 Pre-Test example



 
 

21 
 

6.2.2 Subjective measures 

Before the experiment, each participant had to fill a demographic 
questionnaire (Appendix G) with some questions about previous experience in 
virtual reality. 
Then, users fill three more questionnaires, two while performing the 
experience and one at the end. The three questionnaires had the following 
format: 

Co-Presence Questionnaire. It was used to understand how the user felt 
immersive in the environment and the feeling of being in presence with 
a teacher. (Appendix E). 
NASA Task Load Index was used to rate perceived workload [74]. The 
questionnaire has six questions that represent different aspects of the 
workload. In detail, the six subscales' aspects are Mental Demand, 
Physical Demand, Temporal Demand, Performance, Effort, Frustration. 
Participants filled this questionnaire after each modality. (Appendix D). 
Comparison of the three modalities. It was used to have a ranking of 
the three modalities based on the user’s perception. (Appendix F).

6.3 Participants 
 

In total, 21 users took part in this experiment. The participants were recruited 
in the university, and they were interns and PhD students in other 
laboratories, university staff, etc. All participants were French or English 
speakers. 
 

 
 

Figure 8 Experimenter and participant while are performing the test 

 

6.4 Experimental design  
 

The experiment followed a within-subject design including one factor 
(instruction modality) with three conditions: Voice, gesture, and haptics. A 
Latin square method was used to counterbalance the presentation order of the 
experimental conditions. The Latin square is a block design with n x n sorting 
where n is the number of possible conditions. The reason to use it was to 
prevent the possibility that the learning effect between modalities affects the 
results.  



 
 

22 
 

Table 4 shows the layout of the Latin square in the experiment where x is the 
number of the participant.  

The three experimental conditions relied on different human senses to transfer 
the instructions. The instruction in the gestural condition was performed by a 
virtual hand in the prototype. The virtual hand appeared on the right side of 
the user’s view through an animation before the instruction execution. It was 
helpful to give a little time to the users to understand that the instruction was 
being presented. In the  

Figure 9, is showed the moment before that the virtual hand animation take 
the ball to start the instruction. 
 

  
 

Figure 9 view of the VE prototype the moment before that the virtual hand 
touches the ball and the instruction start. 

 
The voice instruction was given by the experimenter. The prototype displayed 
the name of the trial by logs. Hence, the experimenter could understand which 
instruction had to be said to the participant. 
In the haptic condition, the user had the haptic arm blocked until they were 
ready, then the experimenter said “go”, and the haptic arm started to move 
automatically. This step was necessary to keep the attention high and ensure 
that participants were ready to have the spatial information.  
Finally, to avoid any bias related to the experimenter, the instructions were 
pre-recorded. Indeed, for the voice condition, the experimenter had to read the 
instructions so that they are the same for each participant. For the gestural 
condition, the virtual hand movements were pre-recorded and displayed to the 
participant during the instruction. Finally, for the haptic condition, the haptic 
arm movements were also pre-recorded and displayed to the participants 
during the instruction. However, to preserve the collaborative teaching 
experience of the users, they were told that the instructions are being given in 
real-time by the experimenter. In fact, the experimenter was sitting next to the 
learner, and simulating the movements using a second haptic device (Figure 8).  
 
 

x mod 3 = 1 V-G-H 

x mod 3 = 2 H-V-G 

x mod 3 = 0 G-H-V 
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Table 4 Latin Square design 

 

6.5 Experiment procedure 
 

The experiment was following the same procedure for each participant. Firstly, 
the experimenter informed the participants about the purpose of the study 
and the instrument they would use during the experience. Afterwards, the 
participants had to read and sign the informed consent (Appendix B). It was 
needed to inform about their rights, precautions taken, and possible risks of 
the experiment. Following the consent form, two papers were provided:  
The general description of the experiment which describes how the prototype 
works, what are the actions to perform, and what is expected from the 
participants. The full text is possible to read in the Appendix C. 
The pre-test task, which is explained in section 6.2.1 
The next step for the participants was to fill-in the demographic questionnaire. 
In the final step of the preparation, they wore the VR headset to perform a 
familiarization task, which aimed to help them understand the environment 
and how to use the haptic device. 
The VE prototype experience consisted of twelve trials per condition. For the 
first trial of each modality, the user had to listen to an audio description 
explaining the current condition and how the instruction was going to be 
displayed. Every trial consisted of an instruction and a user action. The way of 
how they received the spatial information depended on the current modality 
(explained in section 5.4). After they performed the twelve trials for one 
condition and before starting the trials of the next condition, they had to 
remove the VR headset and to answer two questionnaires: The NASA Task 
Load Index and the co-presence described in subsection 6.2.2. 
When they filled both questionnaires, they wore the VR headset another time 
and performed the tasks for the following condition. These steps were repeated 
for each modality. After performing the task for the last condition and 
answering the related two questionnaires, the user had to fill in a 
questionnaire on the comparison of modalities. 

 

7 Evaluation 
 

7.1 Results 

Teaching experience is composed of technical and social aspects. They are 
equally important in a learning environment. Hence, the experiments aim to 
analyse the user performance and the user's feelings with different modalities. 
During the user performance analysis, the unit of measurement was cm for 
the user errors and seconds for the time. The participants were instructed to 
perform the task as quickly and accurately as possible. Hence, the best value 
is the lowest for both measurements. 
For the user's feelings about modalities, the analyses were on three 
questionnaires. A scoring system measured the co-presence questionnaire and 
the questionnaire on the NASA Task load index. Instead, the questionnaire on 
the comparison of modalities was based on a ranked system. The results are 
divided into the objective (user performance) and the subjective measures 
(user’s feelings). 
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7.1.1 Objective measures 

To investigate the effectiveness of teaching spatial information among 
modalities, a first analysis of the correlation between user errors in the pre-
test and the virtual test was needed. Correlation analyses were performed 
between the pre-test and user performance in each modality of the virtual test 
using Pearson's Correlation test. The results weren't significant for gestural (p 
= 0.667) and haptic (p = 0.067) modalities. In contrast, the mean errors 
between pre-test and voice modality were moderately correlated (r = 0.620, n = 
21, p = 0.003). 
 

Figure 10  Chart showing the average of errors (cm) for each condition 

 

Afterwards, the data analysis focused on user performance in the VE 
prototype. A one-way analysis of variance (ANOVA) was performed among 
mean errors of distance for each modality. The ANOVA test show a significant 
main effect of modality on distance error [F (1, 20) = 10.249, p = 0.004]. 
Hence, the instruction modalities impacted the user's performance. A post hoc 
test with Bonferroni correction was then performed. The mean value of 
distance error was significantly different between voice (mean =3.314) and 
gestural (mean = 1.752) modality with a p-value of 0.003, and between 
gestural and haptic (mean =2.605) modality with a p-value of 0.002. 
There was no statistically significant difference between voice and haptic 
modality (p = 0.235). Three more ANOVA tests were performed to understand if 
the axis of movements (X, Y, Z) influenced the distance accuracy. The ANOVA 
test for dimension X gave a statistically significant main effect [ F (1,20) = 
12.570, p = 0.002]. Pairwise comparisons with Bonferroni correction show that 
the mean value was significantly different between voice (mean = 4.702) and 
gestural (mean = 2.162) modality with a p-value less than 0.001 and between 
gestural and haptic (mean = 3.162) modality with a p-value of 0.011. ANOVA 
test for the dimension Y was also statistically significant [ F (1,20) = 6.145, p = 
0.022]. Pairwise comparisons with Bonferroni correction determined that only 
the difference between voice (mean = 3.399) and gestural (mean = 1,862) 
modality was significant, with a p-value of 0.030. Besides, the difference 
between gestural and haptic modality was not statistically significant but with 
a p-value of 0.060. 
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The ANOVA test for dimension Z showed that there wasn't a significant 
difference with a p-value of 0.063.  
Finally, two more ANOVA tests were performed with the same data collection. 
This time, the data were divided into two groups: large distances group and 
small distances group. Trials with required movements higher than 8 cm were 
in the large distances group. On the contrary, they were in the small distances 
group. The ANOVA test for the large distances gave a statistically significant 
main effect [ F (1,20) = 10.845, p = 0,004]. Pairwise comparisons with 
Bonferroni test found a statistically significant difference in mean distance 
accuracy for the large distances group between voice (mean = 4.857) and 
gestural (mean = 2.386) modality (p = 0.003) and between gestural and haptic 
(mean = 3.543) modality (p = 0.008). 
The ANOVA test for the small distances gave a statistically significant main 
effect [ F (1,20) = 7.571, p = 0,012]. Pairwise comparisons with Bonferroni test 
found a statistically significant difference in mean distance accuracy for the 
small distances group between voice (mean = 2.562) and gestural (mean = 
1.443) modality (p = 0.009) and between gestural and haptic (mean = 2.148) 
modality (p = 0.007). 
 

 

Figure 11 Chart showing the average of time for each condition 

 

The effect of the modality on time to complete the task was analysed even if it 
was not the main purpose of the study. The ANOVA test showed a statistically 
significant main effect of modality on the mean performance time [F (1, 20) = 
11.267, p = 0.003]. The post-hoc Tests with Bonferroni correction show that 
the mean value of time performance was significantly different between voice 
(mean = 4.54) and haptic (mean = 3.14) with a p-value of 0.003 and between 
gestural (mean = 3.87) and haptic modality with a p-value of 0.018. 
 
7.1.2 Subjective measures 

Each of the three questionnaires described in subsection 5.2.2, was analysed 
using a different approach. The analysis of variance (ANOVA) was the 
technique used for the NASA Task Load Index questionnaire. ANOVA revealed 
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that there was no significant main effect of modality on the mean of perceived 
workload score.  
A non-parametric Friedman test was used to analyse the co-presence and the 
comparison among the three modalities questionnaires. Each question was 
separately investigated. A Wilcoxon signed-rank test with a Bonferroni-
adjusted was used for the post-hoc evaluation to determine if the results were 
significant. The Bonferroni-adjusted had an alpha level of 0.017 for every test. 
In this paragraph are reported only the questions with significant results.  
Table 5 presents the questions from the co-presence questionnaire and  
Table 6 the questions from the questionnaire on comparison among modalities. 
The questions are reported with a Q followed by a specific number (ex. Q1 for 
question 1).  
The text will show before the analysis about the co-presence questionnaire 
and then the questionnaire on comparison among the three modalities. 
 

 

Figure 12 Chart showing the statistically significant questions in the co-
presence questionnaire 

 
The first question with a significant difference between the three modalities (p 
= 0.019) was the Q5. The post-hoc test showed that the Q5 score in voice 
modality was higher than scores for gestural and haptic modality. Besides, 
only the difference between voice and gestural was significant, with a p-value 
of 0.010. At the same time, between voice and haptic, the p-value was likely 
statistically significant (p-value=0.036). For the Q7, the p-value was 0,002. 
The post-hoc test shows that scores for haptic (mdn = 3; mean = 3.142) and 
voice (mdn = 3; mean = 3.524) modality were higher than for gestural 
modality (mdn = 2; mean = 2.285). This difference was also significant for both. 
The difference in scores between haptic and gestural had a p-value of 0,015. 
The voice and gestural scores had a p-value of 0,002. No significant 
differences were found between haptic and voice scores. The Q8 had 
differences in scores statistically significant with a p-value of 0.019. The post-
hoc test shows that scores in Q8 for haptic (mdn = 4; mean = 3.381) and voice 
(mdn = 4; mean = 3.952) modality were higher than for gestural modality (mdn 
= 3; mean = 2.905).  The only statistically significant value was the difference 
between voice and gestural with a p-value of 0,004. In the Q9, the p-value was 
0.006. The post-hoc illustrate that voice modality scores (mdn = 4; mean = 
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3.762) was higher than gestural modality (mdn = 2; mean = 2.619). It was the 
only difference in scores significant (p = 0.007). Besides, the difference in 
scores between haptic (mdn = 4; mean = 3.333) and gestural is possible to be 
considered as marginally statistically significant (p = 0.026). The Q11 was also 
statistically significant, with a p-value of 0.009. The post-hoc describes the 
voice modality scores (mdn = 5; mean = 4.667) higher than haptic modality 
(mdn = 4; mean = 4.414) as statistically significant. No significant difference 
was found between the other conditions. 

Figure 13 Chart showing the statistically significant questions in the 
questionnaire of the comparison of the three modalities 

 

Regarding the comparison questionnaire, the first significant (p = 0.050) 
question was the Q3. The post-hoc evidence that gestural modality was 
marginally statistically significant ranked better than the voice modality with a 
p-value of 0,023. Gestural modality was rated by 42,8% of participants as first, 
by 42,8% as second and by 14,2% as third. Instead, only 19% of participants 
ranked the voice modality first, and 61,9% of users ranked that as third. 
The Q5 results were statistically significant, with a p-value less than 0.001. 
The haptic modality was ranked first by 71,4% of participants, against 9,5% 
for gestural and 19% for voice conditions.  The post-hoc illustrates a 
significant difference between haptic and gestural modality with a p-value less 
than 0.001 and between haptic and voice modality with a p-value of 0.006. 
Q6 analysis gives a statistically significant difference between at least two 
groups with a p-value of 0.010. haptic modality was ranked first by only 9,5% 
of the people. It was ranked as second and third, respectively, by 28,6% and 
61,9% of participants. These values were found a significant difference with 
the voice modality with a p-value of 0.007.  The difference in haptic and 
gestural modality rankings was found marginally statistically significant with 
a p-value of 0.022. 
In the Q8, the p-value was less than 0.001. Voice modality ranking was found 
as significant difference with gestural (p < 0.001) and haptic (p = 0.001) 
modality. No participants ranked voice modality as first in the Q8. Besides, 
71,4% of users ranked it as third. The Q9 report a p-value of 0.05.  The 
difference between voice and gestural modality was marginally significant. No 
other significant differences were found. The gestural modality was ranked 
first by 42,9% of participants, second by 38,1% and third by 14,3%. Instead, 
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voice modality was ranked first by 14,3% of participants, second by 28,6% and 
third by 57,1%. The last question with at least significant difference between 
the two groups with a p-value of 0,005 was Q10.  Voice modality ranking was 
found as significant difference with gestural (p = 0.003) and haptic (p = 0.009) 
modality. 4,7% of participants ranked as first the voice modality. Then, it was 
ranked by 33,3% of people as second and by 61,9% of people as third. 
 
 
 
 
 
Q+n Question text Min-value 

(1) 
Max-value (5) 

Q5 How much was the experience in the 
virtual environment like a real face-to-
face meeting with an instructor? 

Not at all Completely  

Q7 I felt a connection with the trainer: Not at all Completely 
agree 

Q8 The instructions were issued by the 
trainer rather: 

Detached Warm 

Q9 I had the feeling that the trainer was 
trying to help me: 

Not at all Completely 
agree 

Q11 I had the impression that I understood 
the instructions that were given to me: 

Not at all Completely 
agree 

 
Table 5 co-presence questions 
 
Q+n Question text 
Q3 Classify the communication modalities from the most precise (1) to the 

least precise (3) to receive this type of spatial instructions: 
Q5 Classify the modes of communication from the most destabilizing (1) to 

the least destabilizing (3) to receive this type of spatial instructions: 
Q6 Classify the modes of communication according to the ease of 

memorizing the spatial instructions received, from the easiest (1) to the 
least easy (3): 

Q8 Classify the modes of communication according to the feeling of 
learning between the first and the last attempt, from the most 
educational (1) to the least educational (3): 

Q9 Rank the modes of communication according to the level of commitment 
felt by receiving the instructions, from the most engaging (1) to the least 
engaging (3): 

Q10 Rank the modes of communication according to their perceived 
effectiveness in transmitting spatial information, from the most effective 
(1) to the least effective (3): 

 
Table 6 questions of the questionnaire on the comparison among modalities

7.2 Discussion 

The previous analysis gave some interesting and valuable results. Firstly, the 
correlation test shows a moderate correlation between instruction by voice and 
the pre-test. In the pre-test, participants were reading the instruction. Hence, 
users likely processed spatial instructions when reading and listening to them 
in the same way. This is not the case for haptic and gesture instructions. This 
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is a first finding suggesting differences between modalities for communicating 
spatial knowledge.   

The study aimed to investigate the difference in effectiveness among teaching 
spatial awareness using different modalities. At the same time, it was also 
unclear if there is any distinction in how different modalities influence the 
teaching process. After interpreting the analysis, the gestural modality 
appeared to be more accurate to teach spatial information. Dividing the data 
based on long versus short instructions provided the same result. While 
repeating for each dimension the same tests, the analyses were not always 
fully statistically significant. Indeed, for the dimensions Y and Z, the gestural 
modality was not significantly different but was always close to a significant 
value. Hence, it is possible to interpret that as a confirmation of the higher 
accuracy of the gestural modality regardless the nature (amplitude and 
direction) of the communicated distance information. Indeed, probably with 
more participants, results could become statistically significant. The difference 
in time when comparing teaching modalities was not the principal goal of the 
study. Nevertheless, it gave insight that likely needs more investigation. 
Indeed, participants performed the task faster with the haptic modality than 
with the two other modalities. It could mean that users have better results 
with the gestural modality, but at the same time, they feel more confident with 
the haptic condition. In addition, they evaluated haptic conditions as more 
difficult to memorise in a short time than the others for these types of spatial 
instructions.  This may also explain why they performed the task faster in this 
condition since they had to follow the instruction quickly why it is still “fresh” 
in their memory. However, these findings will require more investigations in 
the future. 

The NASA Task Load Index outlines no significant difference in scores among 
modalities. It means that the participants did not experience differences in 
terms of mental workload. Hence, modalities do not affect the complexity of 
the task regarding teaching spatial awareness. This may be explained by the 
fact that the given distance instructions are easy to process and do not require 
an important mental effort to be process. More investigations with more 
complex spatial instructions will be necessary in the future. 

Regarding the co-presence questionnaire, only five questions out of twelve 
show significant results. Generally, the voice modality was the one with the 
best results in each question. Users felt the virtual experience more similar to 
the natural one using voice modality. Participants felt a reliable connection 
with the experimenter during the haptic and voice conditions but not in the 
gestural one. They perceived that the experimenter was trying to help them 
more in the haptic and voice modalities than the gestural modality. Besides, 
users found voice instructions to be more understandable than haptic and 
gestural. Hence, the co-presence questionnaire did not have the same results 
as the objective data collection.  Users’ preference of the voice modality might 
be reasoned in one of the limitations of the prototype. In fact, the experimenter 
was close to the participants, and the voice instructions were coming from the 
"real world". In contrast, gestural and haptic instructions were provided in the 
virtual environment, and the instructions in the haptic modality were 
transmitted through the haptic device. Hence, the co-presence questionnaire 
could be influenced by these different instruction's sources: direct (for voice) 
and mediated (for haptic and gestural). In the future, it will be interesting to 
compare the three conditions with the same level of mediation (using for 
instance, pre-recorded voice messages displayed on a headset). 
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The questionnaire about the comparison of the three modalities had six 
questions with significant but contrasting results. The users had the 
perception to receive more precise instructions with the gestural modality. 
They also perceived that they were learning more with the haptic and gestural 
modalities and these modalities were more effective to transmit spatial 
information than the voice condition.  In addition, they evaluated haptic 
conditions as more disturbing. Finally, users found the voice condition slightly 
less engaging than the other modes. Contrary to the co-presence, in the 
comparison questionnaire, the voice mode was generally the less preferred by 
participants. Generally, the differences between gestural and haptic modalities 
were not significant. It means that they were generally accepted in the same 
way. Finally, the haptic modality was felt to be more disturbing. This may be 
related to the fact that this is a new means of communication that has never 
been experienced by the participants. Nevertheless, this did not impact the 
user experience. Therefore, this modality can be further explored in the future 
to improve communication in teaching environments.  

8 Conclusion and Perspectives 
 

This work is part of a vast project aiming to study the impact of a multimodal 
collaborative virtual environment in the learning process for transferring 
technical skills in healthcare. The work presented here focused on teaching 
spatial information for local anesthesia. After an exploration of the medical 
and multimodal contexts, some observations in medical environments were 
performed. The observations gave insights to explore the difference in 
effectiveness of three different modalities to teach spatial awareness in a 
collaborative environment. The modalities investigated were voice, gestural 
and haptic. Based on these observations, a prototype was developed, and an 
experimental study was conducted with 21 participants. The results indicate 
that gesture is the more accurate modality for teaching spatial information 
allowing to reduce distance estimation error as compared to verbal and haptic 
instruction modalities. On the other hand, the co-presence questionnaire 
presented a better score for verbal modality even if some experiment 
limitations may have influenced the results. Future experiment design should 
consider having the experimenter in another room and providing the 
instructions through the virtual environment to avoid impacting the co-
presence value. The users also ranked the three modalities according to their 
preferences. The gestural and haptic modalities were perceived as more 
adapted to learn and memorize spatial information.  The haptic were found 
more disturbing and harder to remember in short time in respect to the two 
other modalities. Voice was generally the least in the preference. In 
comparison to the gestural and voice modalities, the haptic modality 
suggested better results in terms of time. The study reveals various insights 
about the components of a collaborative environments which can be useful for 
future work. Indeed, it suggests that a multimodal experience could improve 
the learning experience which confirms previous studies presented in the 
literature review. Hence, it opens up the opportunity to conduct more 
experiments with instructions communicated through a combination of 
modalities instead of a single modality at a time as it was for this experiment. 
Besides, this investigation focused on teaching distance estimation, but the 
needle insertion movements are a mix of distance precision and orientation. 
Although needle orientation was not explored in this work, it is an integral 
part of the needle insertion experience. Having a different focus of the teaching, 
such as needle orientation, could mean that another modality might be more 
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suitable.  For this reason, future experiments taking into consideration the 
orientation should be done. 
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10 Annexs 
 

Appendix A: Prototype explained scene for scene 
 

Welcome scene (Figure 14): It appears only at the beginning of the experience. The 
scene shows the two planes and a welcome test. It was helpful in fixing eventual 
problems with the camera orientation while the user was getting familiar with the 
virtual environment. 

Figure 14 Welcome Scene
Pre-instruction scene (Figure 15): In this scene, the user is shown a capsule to go to the 
subsequent stage, a sphere representing their haptic device and a text with information 
about the following instruction modality and the trial done for that. To have the 
instruction, they must move the sphere inside the capsule and click on one of the 
buttons of the haptic arm. Furthermore, the first time that the user experienced a 
modality, the application provided audio information about it. In the 
Table 3, there are the texts of the three audios translated into English. 
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Figure 15 Pre-instruction scene with visual modality
Instruction scene (Figure 16): The scene worked differently for each modality. In the 
case of the voice modality, the instructor gave the indications by voice while the virtual 
environment contained only the two empty planes. In the haptic modality, the virtual 
environment was the same with the 3D haptic devices simulating the movements 
necessary to attain the objective. Instead, in the gestural instructions a virtual 3D hand 
showed the moves needed to reach the endpoint in the virtual environment.

Figure 16 Instruction scene. In the figure is shown a visual instruction

Pre-test scene (Figure 17): There were two different capsules. The left green capsule 
was for repeating the instructions, the red one on the right was used to start the 
manipulation (to reach the target). The user could interact with them using the haptic 
device represented by a 3D purple ball. To validate their choice, they must move the 
sphere inside the capsule and click on one of the buttons of the haptic arm. Besides, 
when the user experienced this scene for the first time, the application plays audio 
explaining what to do next.

Figure 17 Pre-test scene

Test scene (Figure 18): It is the main scene of the experiment. The user is shown a 
sphere that they are instructed to pick up and place according to the previous 
indications. The sphere could be in the horizontal or the vertical plane, depending on 
which trial is running. The user's input is represented by a 3D hand holding a 3D 
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reconstruction of the haptic arm. To pick up and release the ball in the desired position, 
the user must click one of the buttons of the haptic component, while the 3D haptic arm 
is colliding with it. After the action is done, the user is automatically redirected to the 
Pre-instruction scene.
 

 
Figure 18 Test scene. The virtual hand represents the user input
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Appendix B: Informed consent
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Appendix C: Experimental instruction 
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Appendix D: NASA Task Load Index 
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Appendix E: Co-presence questionnaire 
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Appendix F: Questionnaire on the comparison of three 
modalities 
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Appendix G : Demographic questionnaire 
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