The Impact of Implicit and Explicit Feedback on Performance and
Experience during VR-Supported Motor Rehabilitation

Negin Hamzeheinejad’*  Daniel Roth?*

Samantha Monty%#

Julian Breuer® Anuschka Rodenbergc!

Marc Erich Latoschik?!

“Chair of Human-Computer Interaction, University of Wiirzburg, Wirzburg, Germany
bChair of Computer Aided Medical Procedures, TUM, Munich, Germany
“Neurologisches interdisziplinares Behandlungszentrum, Cologne, Germany

Figure 1: Experimental scenario. Top left: Participants were exposed to.the VR simulation while using the gait robot (Lokomat). Top
center: Avatar embodiment. Virtual handles (in light blue) mimic the position and shape of the real physical handles to generate
plausible hand actions during walking. Top right: Explicit visual feedback signaled at the trainer’s feet. Bottom left: Same explicit
feedback signaled at the patient’s feet. Bottom center: Alternative feedback example. Bottom right: Emoticon feedback.

ABSTRACT

This paper examines the impact of implicit and explicit feedback in
Virtual Reality (VR) on performance and user experience during.mo-
tor rehabilitation. In this work, explicit feedback consists of visual
and auditory cues provided by a virtual trainer, compared to tradi-
tional feedback provided by a realphysiotherapist. Implicit feedback
was generated by the walking motion of thevirtual trainer accompa-
nying the patient during virtual walks. Here, the potential synchrony
of movements between the trainer and trainee is intended to create an
implicit visual affordance of motion adaption. We hypothesize that
this will stimulate the activation of mirror neurons, thus fostering
neuroadaptive processes. We conducted a clinical user study in a
rehabilitation center employing a gait robot. We investigated the
performance outcome and subjective experience of four resulting
VR-supported rehabilitation conditions: with/without explicit feed-
back, and with/without implicit (synchronous motion) stimulation
by a virtual trainer. We further included two baseline conditions
reflecting the current NonVR procedure in the rehabilitation center.
Our results show that additional feedback generally resulted in better
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patient performance, objectively assessed by the necessary applied
support force of the robot. Additionally, our VR-supported reha-
bilitation procedure improved enjoyment and satisfaction, while no
negative impacts could be observed. Implicit feedback and adapted
motion synchrony by the virtual trainer led to higher mental demand,
giving rise to hopes of increased neural activity and neuroadaptive
stimulation.

Index Terms: Human-centered computing— Visualization—

Virtual reality

1 INTRODUCTION

Virtual Reality Therapy (VRT) is known to provide effective al-
ternatives to various traditional therapy approaches. For example,
patients suffering from motor impairments could greatly benefit
from sophisticated VRT training methods. However, it is crucial to
investigate essential mechanisms and gain a deeper understanding
for application designs that maximize the experience, performance,
and ultimately therapy outcome without negative consequences.
Motivation and continuous, repeated exercise are important key
factors in successful rehabilitation to induce neuroplasticity [29,31].
VR has gained popularity as a medium for various therapeutic in-
terventions and support use cases, accompanied by several rehabil-
itation frameworks [29]. For example, with regard to motor reha-
bilitation, a meta-review by De Rooij et al. showed that VR-based
therapies are capable of enhancing gait and balance [17]. Overall,
VR-based therapy systems provide notable therapeutic advantages,
including fine-grained regulation of dosage and repetition, the avail-
ability of goal-oriented tasks with multiple levels of complexity,
vivid and enriched environments, and assorted feedback options for



both therapists and patients [43,45,69]. Furthermore, VR-based re-
habilitation systems can counteract boredom and make therapy more
pleasurable and engaging for the individual [59,70]. In previous ap-
proaches of walking-based therapies, patients often simply walked in
a virtual environment (VE) [63] or were tasked with avoiding virtual
obstacles located along the walking path [71]. Previous work found
that VR-based rehabilitation could potentially improve stimulation,
mobility, and self-efficacy. These approaches often also included
virtual trainers to guide users during exercises [15, 32], motivate the
patients [24], and/or give verbal and non-verbal feedback [32,40].

Previous work primarily focused on presenting a plausible and
compelling virtual exercise environment in addition to motivational
aspects to engage patients. While in general these approaches were
quite successful, there is still a lack of detailed knowledge about the
potential design space to foster specific desired therapy outcomes.
VR provides a myriad of potential feedback mechanisms. However,
which of these are most effective in improving the performance
for a specific goal tackled by both the general and the individual
therapy session? While one could assume that feedback generally
has a positive impact, it has yet to be understood how typical feed-
back interactions in the physical world and classic human-human
communication could be utilized by a virtual simulation.

In this regard, the importance of virtual feedback and its com-
parison to traditional therapy have not been thoroughly investigated.
For example, in the physical world, trainers assisting patients who
are exercising on a gait robot are usually mobile and unrestricted.
They are free to point out and demonstrate specific movements to
the patient without being forced to move alongside the patient. This
process cannot easily be transferred to VR-supported gait applica-
tions that include dynamic (i.e., moving with gait) environments
without breaking the plausibility. It is therefore of interest to design
and evaluate feedback metaphors that comply with VR-supported
rehabilitation approaches.

Explicit feedback typical for therapy and motor rehabilitation in
the physical world consists of a variety of either system-generated
signals (lamps, sounds, alarms, etc.) or communicative acts-by the
trainer and therapist. The latter include verbal corrections, non-
verbal demonstrations of movements, physical touch-based correc-
tions, and a combination of all of these. VR provides the unique
possibility to additionally use implicit forms of feedback to induce
specific motion adaptation processes. Similar to mirror therapies, it
may be beneficial for patients to observe and imitate movements.

Implicit feedback through motor mimicry is, in theory, also an
option for NonVR therapies (extending existing mirror therapy ap-
proaches). In practice, however, such an approach does not scale
well to the physical world, where a therapist would be required to
move continuously with each patient throughout the entire working
day. Additionally, stationary robot-based gait-rehabilitation is nearly
impossible in cases where the patient performs a walking motion
but physically does not move. In such scenarios, a therapist must
continuously demonstrate the target movement to the patient while
walking on a similar stationary device. Hence, VR-based therapy
approaches appear to be better suited to simulate a combination of
such explicit and implicit feedback. For this reason, we became
interested in finding an appropriate design to transform and integrate
explicit and implicit feedback in VR-supported simulations.

The present work aims to (a) develop a VR-based gait rehabilita-
tion system including implicit and explicit feedback; (b) investigate
the influence of feedback (implicit and explicit) on the performance
and experience of patients; and (c) explore the applicability of the
system for therapeutic treatment.

Subsequently, our main research questions were to investigate:
RQ1: How does explicit feedback impact the user performance and

subjective experience?

RQ2: How does implicit feedback in the form of motion synchrony
impact the user performance and subjective experience?

1.1 Contribution

This paper presents the design and evaluation of two feedback vari-
ants for VR-supported therapy: (1) explicit feedback as a virtual
adaptation of traditional approaches, making use of affordances for
dynamic points of interest, and (2) implicit feedback in the form
of motion synchrony to trigger mirror neuron brain activation. We
report the effects on gait rehabilitation outcomes for patients with
neurological gait impairment. To do so, we developed an immersive
VR-based gait rehabilitation system consisting of a dynamic and
versatile VE, a virtual trainer to accompany an individual during
walking, and the ability to provide auditory and visual feedback.
Our evaluation outcomes show that VR therapy applications not
only foster enjoyment and satisfaction but may also benefit from
additional feedback integrations. Our findings imply that feedback
may be a critical mechanic of VR-supported rehabilitation systems
to improve treatment quality and that implicit feedback generates
a higher mental demand, giving rise to hopes of increased neural
activity and neuroadaptive stimulation.

Our outcomes have implications for VR and for medical commu-
nities. They substantiate the theory that presenting explicit feedback
in visual/verbal form during a rehabilitation session may improve
motivation and the success of the treatment. Further, we found in-
dications that implicit feedback may stimulate the mirror neuron
system and can result in higher mental demand and perceived effort,
therefore may have beneficial effects for the rehabilitation proce-
dures and guide further research. Additionally, we illustrate that
our VR-based rehabilitation environment provides an enjoyable and
applicable training environment that may therefore support better
therapy outcomes and increased patient satisfaction.

2 RELATED WORK
2.1 VR-based Rehabilitation

VR-based rehabilitation is shown to have benefits over traditional
rehabilitation methods in terms of motor learning concepts, such
as real-time multi-sensory feedback and task variation [37,44,58].
Previous work showed that such interventions provoke the healing
of motor learning and reorganize the neural architecture [14,58,77].
VR as a supporting rehabilitation technology can enhance the moti-
vation [13,37,44] and confidence of patients performing gait tasks.
Overall, extensive research shows that VR can be feasible and effec-
tive when integrated into a clinical procedure [13]. Yang et al. [75]
assessed the influence of VR treadmill therapy on the community
ambulation ability in stroke patients. They developed a VR appli-
cation consisting of different scenarios (e.g., park stroll, obstacles
striding cross) with differing levels of complexity. The VE was
displayed on three 239-cm wide joined screens while leg movements
were tracked using an electromagnetic system. The study demon-
strated that virtual reality-based training is safe, motivational, and
helpful for stroke patients. In our previous work we presented an
immersive VR gait rehabilitation system to augment motivation and
therapy effectiveness [25]. The VR system was composed of a VE
including natural landscapes, an HTC Vive head-mounted display
(HMD), and gait tracking sensors. We showed that such a system
could provide sufficient acceptance and potentially improve user
experience. Furthermore, Kern et al. compared conventional gait
therapy with VR gait therapy in terms of motivational effects and
physical workload [36]. For this purpose, they developed a VR
rehabilitation application employing an HMD and motion sensors.
Their system included a gamified approach (using a virtual dog as a
companion). Healthy participants reported increased motivation and
further advantages for gait rehabilitation. Zimmerli et al. aimed to
develop and evaluate a VR application to enhance patients’ motiva-
tion during gait treatment. The therapy application included various
environments and tasks with different complexity levels. A 42-inch
screen was placed in front of the robotic-gait assisted device (Loko-
mat) to display the VEs. The outcomes demonstrated that the VR



application provided higher motivation during training and enhanced
the gait activity of the patients [79]. In line with previous research,
Calabro [11] found that the integration of VR with a robotic-gait
assisted device enhanced balance and gait in patients. Moreover, a
study by Bergmann and colleagues reported that in addition to im-
proved motivation, the level of acceptability of robotic-assisted gait
training devices utilizing VR was higher among stroke patients [5].

In summary, while these studies provide useful insights into the
therapeutic support afforded by VR, they lack concrete and system-
atic investigation into the feedback provided to users.

2.2 The Role of Explicit Feedback in Rehabilitation

Several prior studies from assorted rehabilitation areas related to
the present context may provide useful insight into the potential
role of feedback in rehabilitation success. For example, research
shows that the performance of an exercise as well as the number of
attempts made at the exercise both improve when visual feedback
was presented to the individual [3]. Further research reported that vi-
sual feedback in therapy regimens enhanced sports performance and
moreover, motivated individuals to maximize their endeavors [12].
Bickers et al. found that verbal encouragement augmented the per-
formance of a motor endurance task [6]. Banz et al. compared the
effectiveness of computerized visual feedback and verbal instruc-
tions on the treatment outcome when patients performed robotic-
assisted gait training [4]. Patients with neurological gait disorders
performed the therapy following the instruction of a physiotherapist
while observing the visual feedback. The study reported that the
patients were more motivated and concentrated on their walking
when the visual feedback was presented to them. Computerized
visual feedback could therefore be a valuable tool to increase encour-
agement, participation, and motor output during rehabilitation. The
virtual training environment may depict auditory, visual and haptic
display feedback [52,60]. Research shows that both feedback and
the intensity of training influence patient motivation. In addition,
positive and instant feedback within VR rehabilitation applications
enhances confidence and training compliance [26, 72]. ~Wille et
al. [73] aimed to develop a VR-based pediatric interactive therapy
system for children with upper limb motor dysfunctions. The system
provided upper limb exercises, along with instantaneous feedback
regarding the performance of the children. Patients with upper limb
impairment took part in the pilot study for nine sessions. The study
had promising results in terms of increasing patient engagement and
enhancement of hand function.

Overall, these findings indicate the potential benefit of feedback
metaphors integrated into VR-supported therapy applications. While
some options may involve gamified feedback approaches (e.g., [36]),
we specifically focused on feedback provided by, or in combination
with, the virtual trainer in our application.

2.3 Virtual Trainers

Virtual trainers in the form of agents (i.e., virtual characters driven
by algorithms) have the ability to provide visual and verbal feed-
back to individuals [2]. According to the research of Zanbaka et
al. [78], the reactions of people toward a virtual human in compar-
ison to a real human are similar. Virtual agents can generally be
employed for training purposes [2] and so VR may provide fresh
opportunities for communication training. For example, medical
students may have the chance to observe communication between
a patient and medical doctor using a VR device, providing a high
level of immersion [33]. Chua and colleagues [15] developed a VR
Tai Chi training application that included a virtual coach placed in
front of a student. The study found that observing and mimicking
the traditional Tai Chi instruction performed by the virtual teacher
afforded a better outcome. The application did not display automatic
feedback. Babu et al. [2] presented a virtual human physiotherapist
framework for individualized treatment and training. The system,

comprised of a Straps system for tracking and improvement of 3D
position of the color markers [32], allowed individuals to practice
at home. The virtual trainer demonstrated to users the correct way
of performing an exercise while providing verbal and non-verbal
feedback to users. In a further study, we designed a VR-based reha-
bilitation system containing a VE with different landscapes and a
female virtual trainer [24]. The female trainer provided instruction
and motivational dialogue to users. Kouris et al. [40] developed a
virtual balance treatment system to encourage people with balance
disorders. The system offered a virtual coach who monitored indi-
viduals’ activity and provided real-time feedback to users to perform
therapy exercises correctly.

Various approaches have integrated virtual trainers in supportive
systems. These have shown great potential in explicit feedback provi-
sion. However, in this paper, we aimed at investigating more implicit
forms of feedback using the motion of virtual trainers as a feedback
expression. To this end, we looked specifically at the activation of
the mirror neuron system to support rehabilitative processes. We
examined how we could implement such activation affordances as
implicit feedback methods in rehabilitation scenarios.

2.4 Mirror Neuron Stimulation and the Role of Implicit
Feedback in Rehabilitation

Previous findings-and the discovery of the mirror neuron system
argue that mirror neurons are activated not only when individuals
perform motor actions, but also when they listen to or see similar
actions [21,62]. The integration of mirror neuron science in therapy
brought promising outcomes in neurorehabilitation [19]. Frances-
chini et al. reported that action observation therapy can be beneficial
in the rehabilitation of stroke patients [20]. The purpose of the
study was to evaluate the impact of action observation treatment in
upper limb rehabilitation. For this purpose, patients observed videos
containing everyday hand actions and imitated similar actions. The
study showed that the structures containing mirror neurons were
provoked when individuals performed the same actions as those
observed. The research of Buccino and colleagues asserted that the
areas inside the mirror neuron system were activated from the time
of observation until performing an activity [9].

Burns found that the healing process of gait therapy can be sped
up when the stroke patients observed the motor act [10]. Park et
al. [55] assessed the effect of action observation treatment on knee
joint function in knee arthroplasty patients. In this clinical study,
the participants were divided into experimental and control groups.
In the treatment group, the patients watched video clips containing
daily activities and imitated the tasks afterward. The study noted that
the action observation training enhanced knee functions. A consid-
erable amount of research employed mirror neuron system through
action observation in motor learning and gait rehabilitation [8]. A
study by Pelosin et al. indicated that action observation reduced the
freezing of gait in patients with Parkinson’s disease. In this study, an
experimental group watched video clips containing schemes to avoid
freezing of gait and particular activities. A control group observed
a landscape scene while performing physical therapy [57]. Similar
to this study, Agosta and colleagues [1] assessed action observation
training on freezing of gait, motor abilities, and sickness indicators
in patients with Parkinson’s disease. They randomly divided patients
into two groups. In addition to performing physical training, the
experimental group observed an actor walking, and the control group
watched a landscape video. The authors found that the motor disabil-
ity was reduced, and balance results improved after four weeks of
study in the experimental group. Moreover, they noticed an improve-
ment in motor ability, walking speed, balance, and freezing of gait at
eight weeks of therapy in the experimental action observation group.
The results of previous work also reveal that action observation as an
adjunctive treatment can enhance mobility, freezing of gait, balance
function, and walking ability in rehabilitation [56].



Table 1: The table displays the conditions of the study.
Baseline VR
NonVR +FB |[ VR+FB - Sync | VR +FB + Sync
NonVR-FB || VR-FB-Sync | VR-FB + Sync

To integrate and systematically investigate our research Questions
RQ1I and RQ2 and the role of explicit and implicit feedback, we
designed two feedback metaphors to be integrated into VR therapy
applications. The explicit feedback metaphor was designed to in-
clude elements present in traditional therapy - in our case, audio
feedback (criticism, motivation, activation) and an emoticon display
- but adapted to apply to the VR simulation. The implicit feedback
metaphor was subtly integrated into a leg motion adaptation pro-
cedure, aiming to stimulate the mental processes and subsequently
improve rehabilitation.

3 METHOD
3.1 Design

We embedded our study into a regular rehabilitation program at
the NiB Rehabilitation Center (Cologne, Germany). The data was
collected before the COVID19 pandemic. To investigate our research
questions and subsequently, the impact of explicit (RQ1) and im-
plicit (RQ2) feedback, we constructed a within-subjects repeated
measures experiment that collected data and impressions from all
participating patients for all conditions.

The virtual conditions were factor structured in a 2 (FEEDBACK,
i.e., explicit) x 2 (SYNCHRONY i.e., implicit) design. In the ex-
plicit Feedback conditions, participants received auditory and visual
feedback inspired and extended from typical real-world feedback
transposed to fit the VR simulation. Alternatively, in the control
conditions without Feedback, this feedback was not presented. In the
Synchrony condition, the virtual trainer adapted a walking motion
cycle representing a motion cycle/cycle speed equivalent to the pa-
tient, see Fig. 2. In the control conditions without motion synchrony,
this walking motion was asynchronous in speed and execution.and
independent of the participant’s motion.

We compared these four conditions to two real-world baselines
that represent present clinic standards to-investigate the impact of
the MEDIUM. One condition was performed with verbal feedback
and visual feedback in the form of emoticon faces. The alternate
condition was performed without such feedback.

Since the physical trainer does not walk with the patient, there
were neither synchronous nor asynchronous conditions in the physi-
cal world, and the physical world conditions acted as overall base-
lines. In this study we had four VR conditions - trainer synchrony
with visual feedback, trainer synchrony without visual feedback,
trainer asynchrony with visual feedback, and trainer asynchrony
without visual feedback - and two baseline conditions, see Table 1.
The order of the conditions was randomized throughout the experi-
ment for each participant individually. Each condition was assessed
on a different day.

3.2 Virtual Training Scenario

The study was embedded in a regular rehabilitation procedure. Ses-
sions typically take about 50 minutes, including preparation. All
conditions were assessed after exactly 30 minutes of gait walking
time. For the VR conditions, a gait rehabilitation application was
developed. Using inverse kinematics [67] and HTC Vive trackers
attached to the robot (see Fig. 4), participants were represented as
either male or female avatars accordingly. Patients’ gait motion was
replicated through the avatar. This allowed them to see their virtual
legs moving in concurrence with their physical world movements
and provided a simple form of avatar embodiment [38,66]. To pro-
vide a better sense of security, the hands were bound to virtual bars,

Gait Cycle
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Figure 2: Gait cycle synchrony illustration. In the synchrony condition,
the gait motion of the virtual trainer avatar was adjusted in speed
and position to be synchronous with the patient. In the asynchrony
condition, the speed was held stable and only adjusted between states
(idle, walk) and the motion was not synchronized to the patient.

similar to the physical world scenario (see Fig. 1).

While walking, the speed of the translation of the virtual scene
was adjusted according to the patient’s gait speed. In the environ-
ment, participants passed six nature sceneries (grassland, forest,
streamland, beach, farm, and desert) presented to them in random-
ized order. These scenes included ambient sounds. A virtual trainer
(see Figure 1), driven by walk-animation cycles, walked either syn-
chronously or asynchronously in front of the patients.

While the physical conditions make use of verbal feedback and
emoticon visualizations, these were also adapted to the virtual feed-
back conditions. The virtual trainer provided both a social gesture
(a slight turn of the head) and auditory walking instructions (e.g.
“Good! Nice big steps! Keep it going!”) to motivate and instruct the
patients (see Fig. 1 and Sec. 3.5). A physiotherapist recorded the
instruction and motivational speeches in the German language. The
VR gait application presented performance feedback to patients in
the forms of happy and sad emojis, similar to the physical scenario.

To adapt the traditional information provided by physiotherapists
(e.g., pointing out a specific limb or instructing with exemplary
movements), we designed additional virtual feedback metaphors.
These were displayed as points of information animated close to
the virtual trainer’s legs and feet (see Fig. 1) to further support the
feedback clarity. All feedback for the virtual condition was triggered
by an experienced physiotherapist in line with how feedback is
typically provided in a therapy session.

3.3 Apparatus
3.3.1  Gait Orthosis

The study was performed using the driven gait orthosis Lokomat
(Lokomat Nanos, see Fig. 3). The Lokomat consists of a treadmill
with adjustable handrails, a weight support system with support rope
and frame, gait orthosis, and a patient screen for feedback. Two
leg-stimulated orthoses are fastened to the legs of the users and
move with predefined hip and knee joints paths [80]. Force sen-
sors located in each joint calculate the interaction torques between
the orthosis and the patient [48, 80]. Additionally, the Lokomat
provides adjustable features containing walking speed, guidance
force, and body weight support. These features allow the clinicians
to provide specific training protocol according to condition of the
patients [16,61]. Aside from viewing and controlling the amount of
supporting force, statistical information, and physiological values,
the experimenter can provide emoji feedback through the patient
screen turned toward the patient.



Figure 3: Clinical setup. The Lokomat (robotic-assisted gait device).
The physical NonVR scenario (left). The VR scenario (right).

Figure 4: Setup. The visual feedback presented in the physical
scenario (left). Two motion trackers attached to gait orthosis (right).

3.3.2 VR Setup

The VR setup was realized with a PC (Intel Core 17-6700k 4.0 GHz
CPU, 32 GB of RAM, NVIDIA GeForce GTX 1070 Graphics card),
an HTC Vive HMD (2160 x 1200 pixels, 90Hz), and two HTC Vive
trackers that were attached to the Lokomat orthosis (see Fig. 3). We
developed the application with Unity3D. The 3D virtual therapist
character was created with the Adobe Fuse CC software. For all the
VR conditions, the participants could hear sounds using the Vive
deluxe audio strap attached to the HMD headset.

3.4 Measures
3.4.1 Objective Performance

We collected data for the supporting guidance force controlled by the
experimenter according to the patient’s performance at the beginning
of the experiment and in consecutive increments of five minutes.
This guidance force supports the patients in gait rehabilitation using
Lokomat. The guidance force can be defined from 0 to 100%. When
physiotherapists set the guidance force to 100%, patients are not
active and moreover, cannot deviate from the predetermined cyclical
movement trajectory of knee and hip [16,61]. Furthermore, walking
with less than 100% indicates that assistance in moving the hip and
knee of a patient towards the predefined path decreases, and the
patient may move away from the trajectory. Ideally, this force is
initially set high at the beginning of a session and gradually reduced
over the course of the session. Therapists manually adapt the force
according to the performance of the patient assessed by the Lokomat
and shown as statistical information (force, pressure, performance)

on the device. To gain further insight and to investigate any potential
bias, we collected additional data including average speed, overall
walking distance, and the number of pauses taken by the participant.

3.4.2 Subjective Measures

We evaluated the motivation of the subjects using the intrinsic moti-
vation inventory (IMI) [51]. Intrinsic motivation refers to taking part
in an activity for enjoyment and personal satisfaction [53]. For this
study, we assessed intrinsic motivation with three relevant factors:
enjoyment, pressure, and value (19 items total). The scoring of items
ranged from 1 (not at all true) to 7 (very true).

For measuring the perceived task load, we used the NASA task
load index (TLX) [28]. The NASA TLX was assessed with six
subscales (mental demand, physical demand, temporal demands,
performance, effort, and frustration) answered immediately after
the walking task. Each subscale is partitioned from 0 to 20. We
analyzed the raw total TLX score (see [27]) and the subscores.

Further, the satisfaction of an individual with the virtual rehabili-
tation system was measured using the user satisfaction evaluation
questionnaire for rehabilitation systems (USEQ) [22]. The USEQ
questionnaire is comprised of six items with a five-point Likert-type
scale from 1 (not at all).to'5 (very much).

Finally, we asked patients to comment on their experience after
each therapy session. To collect the data, we used the LimeSurvey
digital survey tool. The patients answered the questions either by
themselves or by communicating with an assistant that read the
questions verbally and logged the respective answers.

3.4.3 Control Measures

We assessed the simulator sickness questionnaire (SSQ) [35] to in-
vestigate whether users of VR encounter sickness and unwanted
side effects [7]. Each symptom was rated from O (none) to 3 (se-
vere). The participants answered the SSQ questionnaire before and
immediately after the gait therapy. Similar to the supporting force,
the heart rate of a patient was measured at the beginning of the
walking therapy (0 min) and then noted consecutively after every 5
minutes of the walking activity. We recorded the heart rate using a
smartwatch worn by the patient during the experiment. We used the
functional ambulation categories (FAC) instrument to evaluate the
ambulation ability of the participants [30]. The FAC provides infor-
mation on how much physical support an individual requires to walk
safely [39] and consists of six categories ranging from dependent to
independent: (0) patient cannot ambulate or needs the assistance of
two or more people, (1) patient needs continuous help of one person
during ambulation to support body weight and balance, (2) patient
requires one person to support continuously or intermittently during
ambulation with balance or coordination, (3) patient needs stand-by
help or verbal supervision without manual contact, (4) patient is able
to walk independently on level surfaces, however, he/she needs su-
pervision or physical assistance on stairs, slope, or bumpy surfaces,
(5) patient can walk independently on any surface and stairs.

3.5 Procedure

The participants were asked to walk using the Lokomat for 30 min-
utes with an average distance of 784.5 meters. The physiothe