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ABSTRACT

Background: Functional Electrical Stimulation Assisted Cycling (FES-cycling) is a rehabilitation intervention for individuals
with Spinal Cord Injury (SCI), offering benefits like increased muscle trophism, improved cardiopulmonary function, and re-
duced bone demineralization. Despite numerous studies on its physical advantages, few have focused on user experience. This
study evaluates the user experience, usability, acceptability, and human-device interaction of two FES-cycling systems: a recum-
bent FES-bike prototype from Politecnico di Milano and the commercial BerkelBike Pro.

Methods: We recruited 15 participants with SCI, aged 18-65, with varying injury levels. The user experience (primary outcome),
acceptability, usability, human-device interaction, and ergonomics of both systems were investigated by means of 4 question-
naires: the User Experience Questionnaire (UEQ), the Technological Acceptance Measure 3 (TAM-3), the System Usability Scale
(SUS), and a customized questionnaire to evaluate human-device interaction both in terms of ergonomic aspects and psycholog-
ical factors.

Results: The user experience received positive evaluations across all dimensions (scores >1.5 on a scale from -3 to 3), with
slightly higher, though not statistically significant, scores for the FB. Secondary outcomes indicated strong acceptability (global
TAM-3 scores > 5.5/7 for both devices), high usability ratings (SUS scores >75/100 for both devices), and favorable interaction
and ergonomics, emphasizing ease of use, comfort, and alignment with user expectations.

Conclusions: The study underscores the positive user experience as the primary outcome, along with strong acceptance and
usability of both devices, emphasizing their potential to enhance Sport-Therapy and the value of integrating user perspectives in
future development.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original

work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | Introduction

Spinal Cord Injury (SCI) is a severe neurological condition af-
fecting motor, sensory, and autonomic functions, often leading
to secondary complications such as impaired muscle function
and compromised bone health due to immobility [1]. These com-
plications can foster a dependent lifestyle and increase health-
care costs [2]. Therefore, interventions aimed at mitigating these
challenges become imperative for the comprehensive and effec-
tive care of individuals living with SCI [3].

Functional Electrical Stimulation (FES), which involves the
electrical stimulation of peripheral nerves to induce functional
activities, has emerged as a promising rehabilitation tool for
people affected by neurological diseases, such as stroke survi-
vors [4, 5], people with multiple sclerosis [6], as well as individ-
uals with SCI [7]. FES-cycling has gained significant attention
as a safe and effective exercise therapy for individuals with
SCI, promoting both rehabilitation and sports practice 3, 8, 9].
Numerous studies recommend FES-cycling as a viable exercise
modality for persons with SCI due to its capacity to enhance
overall fitness and functional outcomes [10]. Importantly, FES
has been associated with positive effects on body composition
[11], including increased lean muscle mass and reduced fat tis-
sue [8], while also mitigating spasticity, a common complica-
tion in SCI populations [12]. These multifaceted benefits make
FES a crucial intervention in SCI rehabilitation programs and
an effective strategy for improving quality of life.

Currently, there are several commercial FES-cycling devices
available that can be categorized into stationary and mobile sys-
tems [13]. Stationary ergometers allow users to remain in their
wheelchairs and are primarily employed for aerobic exercise
training, while mobile devices promote both muscle training and
recreational activities [14]. In addition to commercially avail-
able systems, several research groups have developed mobile
FES-cycling systems by modifying standard [15] or recumbent
[9, 16-22] commercial trikes, as well as adapting wheelchairs
[23-25]. These modifications are combined with electrical stim-
ulators to enable FES-cycling functionality.

Since 2016, the design and development of innovative FES-
cycling devices have been driven by the CYBATHLON com-
petition, where participants with disabilities compete using
advanced assistive technologies developed by teams worldwide.
This competition underscores the importance of user-centered
technologies to increase acceptance [26] and highlights the po-
tential of FES-cycling in SCI rehabilitation and exercise [3].

Despite the demonstrated physical benefits [2], the success of
FES-cycling relies on how well it is accepted by both caregivers
and users. If the technology is not user-friendly or poses oper-
ational challenges, its physical benefits may be insufficient to
encourage adoption. While studies have explored FES usability
and acceptability in general [27] or in upper limb rehabilitation
[28, 29], few have focused on FES-cycling systems.

Vastergaard et al. [30] conducted a feasibility study on eight sub-
jects using a commercial stationary cycle with FES, reporting
high acceptability, increased physical activity, improved quality
of life, and reduced fatigue. Similarly, Chen et al. [31] collected

user feedback to inform the design of a new FES-cycling system.
Baptista et al. and Fattal et al. [19, 20] evaluated mobile FES-
cycling systems on a single subject using modified recumbent
trikes [26], finding high usability, satisfaction, and enhanced
perceived quality of life.

To the best of our knowledge, there is limited research system-
atically investigating both the ergonomic aspects of mobile FES-
cycling systems, such as bike design and user-device interaction,
and the psychological factors, including user experience, moti-
vation, and acceptability. This study aims to address this gap by
thoroughly evaluating two mobile FES-cycling devices: one fea-
turing a seated trike that combines arm and leg movements, and
the other a recumbent trike driven solely by leg movements. The
primary objective was to assess the user experience with each
device. Additionally, the study explored secondary aspects, in-
cluding acceptability, usability, human-device interaction, and
ergonomics. This work provides a holistic understanding of the
potential benefits and challenges associated with FES-cycling
with a comprehensive and novel user-centred approach.

2 | Materials and Methods
2.1 | Participants

From July 2022 to October 2023, 15 subjects were recruited from
the Valduce Hospital—Villa Beretta Rehabilitation Centre (Costa
Masnaga, Italy) and the INAIL network (Istituto Nazionale
Assicurazione contro gli Infortuni sul Lavoro, Italian Institute for
Insurance against Accidents at Work) to participate in the study.
The present study received approval from the Ethics Committee
of IRCCS E. Medea—Sezione Scientifica Associazione La Nostra
Famiglia (Prot. N.14/22—CE, 31/05/2022). Written informed con-
sent to participate was obtained from all participants before their
involvement in the study. Inclusion criteria were:

« Paraplegia resulting from SCI, whether complete or in-
complete (injury level < T3), with both traumatic and non-
traumatic causes.

« Age between 18 and 65years.

« Ability to achieve substantial muscle contraction through
electrical stimulation.

« Sufficient control over the trunk to independently grasp the
handlebars and steer effectively.

« Absence of a level of spasticity preventing device use and of
disabling pain during training.

« No skin lesions in the interface areas with the device.
Exclusion criteria encompassed severe osteoporosis, dysfunc-

tion of the autonomic nervous system that could impair train-
ing, and the presence of psychopathological comorbidities.

2.2 | Equipment

Participants tested two mobile FES-cycling devices. The FES-
Bike (FB) represents a prototype developed by researchers at
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FIGURE1 | Devices used during the training. Pictures of the bikes used during the training: (A) the FB prototype developed by the researchers
of Politecnico di Milano mounted on an instrumented roller, and (B) the commercial BB. [Color figure can be viewed at wileyonlinelibrary.com].

Politecnico di Milano [9, 22|, which combines a commercial
recumbent trike (Trike ICE VTX) with two RehaMove3 stimu-
lators from Hasomed GmbH, as illustrated in Figure 1A. Each
stimulator is equipped with four current-controlled stimulation
channels. To ensure precise synchronization between FES and
the pedaling movement, the prototype incorporates a magnetic
absolute rotational encoder (ams OSRAM AS5047P) to mea-
sure the crank angle. Moreover, the FB integrates a heart rate
monitor (H10, by Polar) and two sensorized pedals (X-Power,
by SRM) for measuring tangential and radial forces. The cen-
tral control unit is based on a Raspberry Pi 4 model B with 4GB
RAM. The system is equipped with a user interface featuring
a touch display. This interface allows users to perform various
functions, including setting training parameters, starting train-
ing sessions, and monitoring key metrics such as cadence, stim-
ulation settings, and session duration. To ensure portability, the
entire system is powered by a power-bank (Anker Power Core
10000).

The other tested device is the commercial BerkelBike Pro
(BB), which is a bike (Figure 1B) that integrates both arm
and leg movements to propel the bike forward. The bike
components are linked to the leg segments through a chain
mechanism. By manipulating the handles, users can en-
gage the foot pedals. The BB is equipped with an 8-channel
current-controlled stimulator, the FES-Box (BerkelBike BV,
Sint-Michielsgestel, Netherlands). As shown in Figure 1 and
Table S1, which summarizes the technical information of the
two bikes, the BB has a higher and less recumbent seat than
the FB.

Both devices use self-adhesive surface electrodes placed on key
leg muscles, which are connected to the stimulators that deliver
synchronized electrical impulses. These impulses induce coor-
dinated muscle contractions based on the crank angle (details
provided in the Section 2.3.1).

Both systems are adjustable to accommodate different an-
thropometric measurements. The BB allows adjustments in
seat height, distance from the pedals, handlebar height and
inclination, as well as backrest reclination. The FB offers reg-
ulation of the headrest and the distance of the seat from the
pedals. Additionally, both devices feature pedals with inte-
grated Ankle Foot Orthoses (AFO) to prevent lateral bending
of the user's legs.

2.3 | Protocol

Each participant underwent an initial assessment (see Section 2.4).
The study had a crossover design, and each subject was assigned to
the group that started the training with the FB or the BB, counter-
balancing the opportunity. To evaluate the FB and BB, indoor cy-
cling riding sessions were conducted, with both devices mounted
on special instrumented rollers. Testing occurred at the IRCCS E.
Medea (Bosisio Parini, Italy), with participants visiting the facil-
ity three times for testing the FB and three times for testing the
BB. Indoor sessions were chosen primarily for logistical reasons,
as conducting a conditioning period was beyond the scope of this
study. Without this preparatory phase, participants lacked the nec-
essary strength and coordination to independently cycle outdoors
using the FB. Unlike the BB, which enables propulsion with both
the legs and arms, the FB does not provide this option, further
limiting outdoor usability without prior conditioning. To maintain
consistency in testing conditions between the two devices, the in-
door setting was used for both.

For each device, the initial session was dedicated to setting
up the system, while the second and third sessions focused
on actual training. At the end of the third session, ques-
tionnaires for the final assessment (see Section 2.4) were
administered.

2.3.1 | Training Modalities

The two RehaMove3 stimulators for the FB and the FES-Box for
the BB delivered balanced biphasic current pulses. The targeted
muscle groups included the gluteus, quadriceps, hamstrings, and
gastrocnemius of both legs. Pulse duration and stimulation fre-
quency were standardized across all channels at 400us and 40Hz,
respectively, while the current amplitude was individually cali-
brated and adjusted during training. For the FB, the stimulation
amplitude could be controlled either automatically to maintain a
constant cadence or manually by the rider. In contrast, the BB al-
lowed only manual control of the stimulation amplitude.

The first session, lasting approximately 90min, focused on
preparing the bikes for each participant. This included adjust-
ing the dimensions of the bikes to match their anthropometric
measurements, calibrating the stimulation amplitude for each
channel, and fine-tuning the gear settings to suit individual
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preferences, ensuring a starting cadence of at least 30 RPM. The
second and third sessions, each lasting up to 60 min, consisted
of three 10-min work sets, with 6-min breaks between sets.

During training sessions, pedaling cadence was maintained
between 20 and 50 RPM, depending on each rider's capa-
bilities. Fatigue was identified when cadence significantly
slowed or dropped below 20 RPM. For the BB, users could in-
dependently regulate their effort by using their arms to assist
propulsion when their leg muscles fatigued, allowing them
to maintain movement at their own pace. For the FB, partic-
ipants with complete injury received manual assistance from
an operator, who moved the pedals when cycling above the
20 RPM threshold was no longer possible. Participants with
incomplete injury actively contributed to pedaling, with man-
ual support provided only as needed to complete the 10-min
cycling sessions.

2.4 | Endpoints

Before the initiation of the training, the following baseline data
were collected from all participants: demographic information,
injury-related information, prior experience with FES and/or
cycling/trike use after the injury, well-being, and pain. Well-
being was measured by administering the Psychological General
Well-Being Index (PGWBI) questionnaire [32] that consists of 22
6-point scale questions grouped into 6 items: “anxiety”, “depres-
sion”, “positivity”, “self-control”, “health”, and “vitality” (final
score 0-110). Pain perceived by the subject was assessed using
the Numeric Rating Scale (NRS), with 0 and 10 indicating very
low or very high pain, respectively.

The primary outcome of this study was the evaluation of
the user experience with the FES-cycling systems, assessed
through the User Experience Questionnaire (UEQ) [33]. The
UEQ consists of 26 questions grouped into six domains: “at-
tractiveness”, “perspicuity”, “efficiency”, “dependability”,
“stimulation”, and “novelty”. Responses are scored on a 7-
point Likert scale (1: strongly disagree, 7: strongly agree), with
results transformed into a scale ranging from —3 to +3. Final
scores between —0.8 and 0.8 are considered neutral, values
> 0.8 represent positive evaluations, and values < —0.8 indi-
cate negative evaluations.

Secondary outcomes included assessments of acceptability, us-
ability, system interaction, and device ergonomics:

1. Technological Acceptance Measure 3 (TAM-3) [34]: as-
sessed the acceptability of the device. It consists of 50
questions grouped into 14 items, namely “perceived
usefulness”, “perceived ease of use”, “self-efficacy”,
“perception of external control”, “playfulness”, “anxi-
ety”, “enjoyment”, “subjective norm”, “voluntariness”,
“image”, “relevance”, “output quality”, “result demon-
strability”, and “behavioral intention”. The items are
investigated using a 7-point Likert scale (1: strongly
disagree, 7: strongly agree). The overall TAM-3 score is
calculated by taking the arithmetic mean of the scores
assigned to the individual items.

2. System Usability Scale (SUS) [35]: evaluated the usability
of the system (final score 0-100). It consists of 10 questions
evaluated using a 5-point Likert scale (1: strongly disagree-
ing, 5: strongly agree).

3. Customized questionnaire (Table S2): assessed system in-
teraction and device ergonomics. It includes 12 questions
addressing four key aspects: transfer to/from the bikes and
initial setup, bike comfort, accessibility, and ease of in-
teraction. Each question is rated on a 5-point Likert scale
(I=strongly disagree/very uncomfortable, 5=strongly
agree/very comfortable). Additionally, the questionnaire
features a section with conceptual sketches of both bikes,
allowing participants to provide suggestions for future im-
provements. It also evaluates perceived pain during trans-
fers and while pedaling.

The duration of each final evaluation was approximately 60 min.
Questionnaires were processed using MATLAB (R2022b, The
MathWorks Inc., Natick, MA, USA).

2.5 | Statistical Analysis

Data were analyzed using IBM SPSS Statistics v21, setting the
significance level at 5%. Descriptive statistics were employed
to analyze demographic data. The normality of the sample was
tested with the Shapiro-Wilk test. The Wilcoxon test was used
to compare data collected after testing the FB with the ones re-
ferred to the BB. Correlations between the outcomes and base-
line parameters were thoroughly explored. Specifically, we
correlated all outcome variables with participants’ age, injury-
related information (including time since injury, ASIA grade,
and injury level), prior experience with FES and/or cycling/trike
usage after the injury, wellbeing (assessed through the PGWBI),
and pain (measured using the NRS). Spearman’s Rho was used
for quantitative variables, while Kendall's was applied for nom-
inal variables.

The selected sample size was comparable to that identified in
previous studies regarding the usability and acceptability eval-
uation [36].

3 | Results

We enrolled 15 male participants with a median age of 50years,
whose demographic details are summarized in Table 1. Of these,
11 had a complete SCI, while 4 had an incomplete one. Due to
the non-normal distribution of the data, results are presented as
medians with interquartile ranges (IQR). The median time since
injury was 5.5years, with injury levels ranging from T3 to L5.
Seven participants had prior experience with FES, while only
4 had experience using a cycling/trike device post-injury. The
median pain level reported during daily life, measured using the
NRS, was 3 (4).

Figure 2 summarizes the results of the PGWBI questionnaire
revealing a positive psychological well-being among the par-
ticipants with the overall median (IQR) score equal to 85 (29).
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TABLE1 | Demographic data.

Previous
Time after Previous experience with
Age Height Weight injury ASIA Injury experience cycling after
Subject (years) (cm) (kg) (years) grade level with FES the injury
S01 50 175 75 3.83 D T3 Yes No
S02 64 175 72 2.08 A T12 Yes No
S03 57 175 89.5 2417 C L2 Yes Yes (exercise bike)
S04 35 176 63 0.67 A T3 No No
S05 52 179 68 31.25 A T10 No No
S06 58 170 63 12.75 A T6 No No
S07 20 175 54 6.17 C L5 Yes No
S08 50 170 60 12.00 B T11 No No
S09 29 170 60 5.50 A T10 No Yes (handbike)
S10 49 180 NA 28.75 C T12 Yes No
S11 51 173 65 32.50 A T7 No No
S12 23 178 80 1.83 A T10 No No
S13 27 191 80 1.58 B T12 Yes Yes
S14 29 173 62 1.08 A T3 Yes No
S15 65 178 70 3.00 A T3 No Yes (handbike)
Note: Demographic data of the enrolled participants.
Abbreviations: ASIA, American Spinal Injury Association scale; NA, data not available.
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FIGURE2 | PGWBI results. Box plot obtained for each item of the PGWBI questionnaire. Questions were evaluated using a 6-point Likert scale,

and then item scores were transformed using a scale ranging from 0 to 100. The central box represents the interquartile range (IQR), with the line

inside indicating the median (unless it overlaps with the 1st or 3rd quartile). Whiskers extend to the smallest and largest values within 1.5 times the

IQR from the 1st or 3rd quartile. Scatter points represent individual participant scores.

3.1 | Evaluation of the Primary Outcome: User
Experience

Figure 3 shows the UEQ dimensions assessing user experience. All
dimensions received positive evaluations, as defined by Laugwitz
et al. [33], with scores >1.5 on a scale ranging from —3 to 3 for
both the bikes. Overall, the FB (blue) demonstrated slightly higher

scores compared to the BB (orange); however, these differences
were not statistically significant (all p>0.05). Notably, one partic-
ipant with an incomplete injury assigned low scores to most ques-
tions related to the FB, as indicated by a score of —1 in the items
“attractiveness”, “perspicuity”, “efficiency”, and “dependability” in
Figure 3. This was likely due to the necessity of using a hoist for
transfers to/from the FB, which the user did not find acceptable.
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1st or 3rd quartile. Scatter points represent individual participant scores: blue and orange dots are referred to FB and BB testing, respectively. No

statistically significant differences were found between FB and BB scores (Wilcoxon test; p-value >0.05). [Color figure can be viewed at wileyon-

linelibrary.com].

3.2 | Evaluation of the Secondary Outcomes
3.2.1 | Acceptability Evaluation

The global TAM-3 scores for both devices were comparable and
rated highly, with values exceeding 5.5 (FB: 5.85 (0.50); BB: 5.60
(0.57)), indicating strong user acceptance. Figure 4 displays the
score distribution for each participant: Figure 4A displays the
scores for the first seven items of the questionnaire, while Figure 4B
presents the scores for the following seven items. The analysis
revealed that most items scored above 5, except for “anxiety” (as
expected), “self-efficacy”, and “image”. Comparing FB (blue) and
BB (orange) scores, statistically significant differences were found
in the items “playfulness” (higher for BB, p=0.028) and “output
quality” (higher for FB, p=0.004). As previously mentioned, the
participant with an incomplete injury who experienced discomfort
when using the hoist for transfers to and from the FB, assigned low

TAM-3 scores to the FB for the items “perceived usefulness”, “per-

ceived ease of use”, “self-efficacy”, “playfulness”, “enjoyment”, and
“image”, while giving a high score to the “anxiety” item (Figure 4).

3.2.2 | Usability Evaluation

The system usability was investigated with the SUS. The me-
dian value of SUS was 80.0 (16.3) for the FB and 75.0 (12.5) for
the BB. Both devices received scores ranging from “good” to
“excellent” based on the criteria by Bangor et al. [37]. The FB
achieved a slightly higher score, though the difference was not

statistically significant (p>0.05). Figure 5 shows, for both the
bikes, the score distribution for each participant. As before, the
participant with an incomplete injury who felt uncomfortable
using the hoist for transfers to and from the FB assigned a low
SUS score to the FB (25 in Figure 5).

3.2.3 | Interaction With the Systems and Device
Ergonomics Evaluation

Regarding system interaction and device ergonomics (Figure 6),
both devices received positive scores above 3 on a 0 to 5 scale.
While the FB scored higher for “comfort” and “accessibility”,
the difference was not statistically significant (p>0.05). The
discomfort experienced by the participant with an incomplete
injury who required the hoist for transfers to and from the FB,
is also reflected in the low score assigned to the “transfer and
tailoring” item for the FB (1.67 in Figure 6).

Perceived pain during the transfer from/to the bikes (FB=0
(0.3), BB=0 (0.7) and while pedaling (FB=0 (0.8) and BB=0
(0.9)) was minimal or absent for both FB and BB.

Finally, participants were encouraged to share their insights on
potential design enhancements of both bikes: Figure 7 visually
categorizes suggestions for the FB (blue) and the BB (orange).
Globally, the FB received 37 suggestions, while the BB received
51. The following 10 categories were identified based on partic-
ipants’ suggestions:
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FIGURE4 | TAM-3results. Box plot obtained for each item of the TAM-3 questionnaire. (A) Score distribution referring to first seven items of the
questionnaire (ANX, anxiety; ENJ, enjoyment; PEC, perceptions of external control; PEOU, perceived ease of use; PLAY, playfulness; PU, perceived
usefulness; SE, self-efficacy), while (B) scores for the following seven items (BI, behavioral intention; IMG, image; OUT, output quality; REL, rele-
vance; RES, result demonstrability; SN, subjective norm; VOL, voluntariness). Questions were evaluated using a 7-point Likert scale. The central box
represents the interquartile range (IQR), with the line inside indicating the median (unless it overlaps with the 1st or 3rd quartile). Whiskers extend
to the smallest and largest values within 1.5 times the IQR from the 1st or 3rd quartile. Scatter points represent individual participant scores: blue
and orange dots are referred to FB and BB testing, respectively. * Items with scores statistically different between FB and BB (Wilcoxon test). [Color
figure can be viewed at wileyonlinelibrary.com].
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FIGURE 5 | SUS results. Box plot obtained for each item of the SUS. Questions were evaluated using a 5-point Likert scale and then item scores
were transformed using a scale ranging from 0 to 100. The central box represents the interquartile range (IQR), with the line inside indicating the

median (unless it overlaps with the 1st or 3rd quartile). Whiskers extend to the smallest and largest values within 1.5 times the IQR from the 1st or 3rd

quartile. Scatter points represent individual participant scores: blue and orange dots are referred to FB and BB testing, respectively. No statistically

significant differences were found between FB and BB scores (Wilcoxon test; p-value > 0.05). [Color figure can be viewed at wileyonlinelibrary.com].

» “Aesthetics and materials” includes visual appeal and
choice of materials used in the design.

« “FES setting” refers to the configuration and customization
options for the electrical stimulation applied to the user's
muscles.

« “Drive control and interaction” tackles the mechanisms and
interfaces through which the participant navigates and con-
trols the device, considering the ease of use, responsiveness,
and ergonomics of the controls.

+ “Additional features” groups any supplementary function-
alities or features integrated into the device beyond its pri-
mary purpose (e.g., safety features).

+ “Wheel design” pertains to the configuration, size, and ma-
terials used in the construction of the device's wheels, con-
sidering terrain adaptability and user comfort.

« “Pedal/AFO design” involves considerations for the layout,
size, and materials of the pedals to optimize the user's com-
fort, responsiveness, and ergonomic positioning.

« “Handlebar and brakes design” focuses on ergonomics, en-
suring a comfortable grip, and on reliability of the braking
system.

« “Display design” focuses on the user interface, considering
layout, clarity, and functionality.

+ “Seat and backrest design” pertains to the comfort and er-
gonomics of the seating arrangement, optimizing the design
for long-term use.

« “Transfer from/to the device” addresses the ease and safety

of transferring the participant to and from the device.

All the suggestions referring to the FB and BB are reported in
Tables S3 and S4.

3.3 | Correlation Assessments

In the analysis of the user experience (UEQ questionnaire), only
FB scores showed statistically significant moderate correla-
tions. These included correlations between the “attractiveness”
dimension and age (0p=0.57, p=0.027), PGWBI score (0=0.55,
p=0.033) and time after the injury (0=0.53, p=0.042).

For the TAM-3 questionnaire evaluating the acceptability of
the system, Spearman’'s Rho analysis revealed a statistically
significant moderate correlation between participants' age and
the “relevance” item for the FB (p=0.56, p=0.030). For the
BB, statistically significant moderate correlations were found
between participants’ age and the “behavioral intention” item
(p=0.59, p=0.027) and between PGWBI scores and the “enjoy-
ment” (p=0.58, p=0.022) and “behavioral intention” (0 =0.60,
p=0.022) items. A statistically significant moderate correla-
tion was observed between participants’ experience with cy-
cling and the “perceived usefulness” item for the BB (r=-0.51,
p=0.036) that was higher in participants without previous cy-
cling experience.

Regarding the usability evaluated through the SUS, a statisti-
cally significant moderate correlation was found between the
duration of living with the injury and the SUS score for the FB
(p=0.55, p=0.035).

Finally, considering scores obtained in the questionnaire evalu-
ating system interaction and the ergonomics (customized ques-
tionnaire), statistically significant moderate correlations were
found between participant’s age and the “comfort” item for BB
(p=0.54, p=0.037) and between participants' experience with
cycling and the “transfer and tailoring” item for BB (r=0.55,
p=0.02). In particular, the “transfer and tailoring” item received
higher scores from participants with prior cycling experience.
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4 | Discussion

The study primarily evaluated the user experience of two dif-
ferent bikes, the FES-Bike and the BerkelBike Pro, while also
conducting a comprehensive assessment of their acceptability,
usability, and ergonomics as secondary outcomes in a cohort of
15 male participants with SCI.

Considering the overall user experience of the participants
(UEQ questionnaire), the positive evaluations indicated that
users had a favorable experience with both systems, with higher
scores for FB, even though they were not statistically significant.

The participants' acceptability of both bikes evaluated with the
TAM-3 was generally positive, demonstrating favorable attitudes
towards the devices. Only two items received scores below 4.5
out of 7 for both bikes: “self-efficacy” and “image”. Self-efficacy,
which measures confidence in using the device independently,
scored lower probably due to the limited number of training
sessions (n=3). Three training sessions are indeed insufficient
for participants to feel fully autonomous with a novel technol-
ogy. Image, reflecting the perception of enhanced social status
through device use, was lower as both bikes are viewed as inclu-
sive tools for enabling activity despite paralysis, rather than as
status symbols. Additionally, the items “playfulness” and “out-
put quality” differed significantly between the two bikes, likely
due to differences in interaction modalities and perceived exer-
tion. The BB allowed participants to assist pedaling using their
arms, which may have reduced the perceived effort and con-
tributed to a greater sense of playfulness. In contrast, the FB re-
quired continuous stimulation without upper limb support, and
when leg muscles were unable to sustain the movement, partic-
ipants had to rely on an external operator for assistance. This
may have made the FB feel more challenging to use, especially
in the absence of a structured preconditioning phase, which was
not implemented in this study due to logistical constraints. At
the same time, the FB provided real-time visualization of output
parameters during cycling, which may have enhanced the per-
ception of output quality.

The SUS results indicated a good to excellent level of usability
for both bikes, slightly higher for FB than BB, although the dif-
ference was not statistically significant. These findings are in
line with those obtained by Baptista et al. [20], who evaluated
user perception of a FES bike using the SUS questionnaire, as-
sessing good usability.

Regarding human-device interaction and ergonomics (cus-
tomized questionnaire), both devices received positive scores,
with the FB scoring higher in “comfort” and “accessibility”,
although the difference was not significant. Additionally, par-
ticipants did not report perceived pain during transferring
and pedaling on either device, suggesting that the ergonomic
design was well-tailored to the users’ needs. Furthermore,
the feedback obtained provided valuable insights into poten-
tial design enhancements for both bikes. Recommendations
included improvements in seat design, display readability,
handlebar ergonomics, pedal design, and aesthetic consid-
erations. What mostly emerged is that the seat ergonomics of
both the bikes should be improved, for example, incorporating
an anti-decubitus seat with an anti-bedsore cushion. Several

participants proposed having a more reclined seat for the BB
to improve its comfort. In addition, the FB usability and safety
during outdoor pedaling should be enhanced by integrating ac-
cessories such as a rear-view mirror, mudguards, a bell, flashing
lights, and a chain guard. Regarding the most critical aspects of
the BB, the participants suggested installing a more readable
display that provides pedaling data such as time, distance, and
speed. Finally, they expressed the willingness to readjust the
BB handlebar design to prevent interference with knees that
sometimes occurred, and to place the screen/buttons close to
the handlebars so that you do not have to take your hands off
the handlebars while pedaling.

4.1 | Correlations

Correlation assessments revealed several significant associa-
tions between participants' responses to various items across the
questionnaires and age, psychological well-being, time since in-
jury, and prior cycling experience.

For the FB, age showed a moderate positive correlation with
several items. Older participants gave higher ratings to the
“relevance” item of the TAM-3, suggesting they found the FB
more applicable to their training needs. Additionally, age was
positively associated with the “attractiveness” item of the UEQ,
indicating that older individuals perceived the FB as more vi-
sually appealing and engaging. For the BB, age also correlated
positively with multiple items. Older participants rated higher
the “behavioral intention” item of the TAM-3, demonstrating a
greater inclination to use the BB. Furthermore, age was posi-
tively associated with the “comfort” item of the customized
questionnaire, suggesting that older individuals found the BB
more physically comfortable to use. These findings suggest that
older participants appreciated the FB for its relevance to their
training and its attractiveness, while they valued the BB for its
comfort and expressed a stronger intention to use it. This dif-
ference may be attributed to the BB's capability to be propelled
using arm movements, making it more versatile and potentially
more suitable for older users who might have lower leg strength
or prefer alternative ways of cycling.

Psychological well-being showed moderate positive correlations
with several items related to the BB. Higher PGWBI scores were
associated with greater “behavioral intention” (TAM-3) to use
the BB, suggesting that individuals with better psychological
well-being were more likely to view the device as useful and
were inclined to use it. PGWBI scores also correlated positively
with the “enjoyment” item of the TAM-3 for the BB, indicating
that participants with a positive psychological state derived more
enjoyment from using the BB. For the FB, higher PGWBI scores
were linked to higher ratings on the “attractiveness” item of the
UEQ, suggesting that psychological well-being enhances the
perceived appeal of the FB. The differences between FB and BB
may arise from the distinct characteristics of each bike. The BB,
with its ability to incorporate arm propulsion, likely provides a
more dynamic and physically engaging experience, which could
be particularly enjoyable and behaviorally motivating for indi-
viduals with higher psychological well-being. In contrast, the
FB's design, being more visually appealing and sporty, likely
contributes to its higher attractiveness ratings.
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The time since injury was another factor influencing device per-
ception. For the FB, a moderate positive correlation was found
between the duration of the injury and SUS scores, indicating
that individuals living with their injury for longer periods per-
ceived the FB as more usable. Additionally, the duration of in-
jury was positively correlated with the “attractiveness” item of
the UEQ for the FB, suggesting that longer coexistence with the
injury enhances the perceived appeal of the device. The lack of
correlation between time after injury and any BB item may be
due to the BB's broader adaptability, which may be attributed
to its dual capability of pedaling with both arms and legs. This
versatility makes it accessible and relevant at various stages of
post-injury recovery, contributing to a consistent perception of
the BB regardless of the duration of injury.

Familiarity with cycling also influenced perceptions. Prior cy-
cling experience showed a moderate positive correlation with
the “transfer and tailoring” item of the customized question-
naire for the BB, suggesting that participants with cycling expe-
rience found it easier to integrate the BB into their routines. This
was likely not the case with the FB, as its reclined position made
it lower to the ground, resulting in more complex transfers.

4.2 | Limitations

While the study provided valuable insights, several limitations
should be acknowledged. First, the sample size was relatively
small, with only 15 participants, which may restrict the general-
izability of the findings. However, this sample size is compara-
ble to that of previous studies [36]. Additionally, all participants
were male, further limiting the applicability of the results across
genders. Including female participants in future studies could
provide a more comprehensive understanding of FES-bike us-
ability, though it is worth noting that the prevalence of SCI is
significantly higher in men than in women [38]. Another lim-
itation is the number of sessions, as each participant completed
only three with each device. This may not have been sufficient
to allow optimal familiarization and independent use of the
devices. Increasing the number of sessions in future studies
could help participants gain greater familiarity and ease of use.
Furthermore, all training sessions were conducted indoors due
to logistical constraints. A conditioning period was not feasible
within the scope of this study, which meant participants lacked
the strength and coordination to independently cycle outdoors
with the FB. Unlike the BB, which allows users to rely on their
arms for propulsion when needed, the FB requires exclusive use
of the legs, limiting outdoor usability without prior conditioning.
While the controlled indoor environment ensures safety and
consistency, it does not fully reflect the challenges and benefits
of outdoor use. Future research should consider larger and more
diverse samples and include both indoor and outdoor training
environments to further validate and expand on these findings.

5 | Conclusion

In conclusion, the study highlighted the positive user expe-
rience as the primary outcome, demonstrating that both the
FES-Bike and BerkelBike are well accepted and provide a sat-
isfying experience for individuals with SCI. These findings

align with those of Fattal et al. [19], previously collected
from a single participant, and extend them to a larger sample.
Additionally, both devices showed high usability and accept-
ability, offering valuable insights for refining their design to
better meet user needs and preferences. The findings contrib-
ute to the growing body of knowledge on assistive technolo-
gies for individuals with spinal cord injuries, emphasizing the
importance of considering user perspectives in the develop-
ment of such devices [39]. Finally, mobile FES-cycling systems
may be suitable for promoting Sport-Therapy in individuals
with SCI.
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