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Abstract

Introduction: Functional electrical stimulation applies electrical pulses to the peripheral nerves to artificially achieve a
sensory/motor function. When applied for the compensation of foot drop it provides both assistive and therapeutic
effects. Multi-field electrodes have shown great potential but may increase the complexity of these systems. Usability
aspects should be checked to ensure their success in clinical environments.

Methods: We developed the Fesia Walk device, based on a surface multi-field electrode and an automatic calibration
algorithm, and carried out a usability study to check the feasibility of integrating this device in therapeutic programs in
clinical environments. The study included 4 therapists and 10 acquired brain injury subjects (8 stroke and 2 traumatic
brain injury).

Results: Therapists and users were “very satisfied” with the device according to the Quebec User Evaluation of
Satisfaction with Assistive Technology scale, with average scores of 4.1 and 4.2 out of 5, respectively. Therapists con-
sidered the Fesia Walk device as “excellent” according to the System Usability Scale with an average score of 85.6 out
of 100.

Conclusions: This study showed us that it is feasible to include surface multi-field technology while keeping a device
simple and intuitive for successful integration in common neurorehabilitation programs.
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Introduction . .
Several studies have shown the positive effects of

Functional electrical stimulation (FES) applies elec-
trical pulses to motor and sensory nerves in order to
restore or assist a function.! FES systems consist of a
stimulator unit that generates the electrical pulses, and
at least two electrodes, which act as an interface
between the stimulator unit and the targeted nerves.
Transcutaneous electrodes, i.e. surface electrodes, are
placed on the skin over the targeted peripheral nerves
and due to their ease of use and affordable price they
are the preferred solution for therapeutic applications.’
They are usually reusable and consist of a conductive
hydrogel layer, which makes them easy to don/doff.?

FES applications in the neurorehabilitation field,
where it has been successfully used in a great variety
of therapeutic applications.*® Similarly, FES is com-
monly used for assisting impaired functions caused by
neurological disorders, and is often denoted as a
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neuroprosthesis in these applications.'®'® One of the
most frequent applications is the compensation of
foot drop syndrome. Foot drop syndrome is a motor
dysfunction that is usually caused by a neurological
disorder and results in the inability of performing vol-
untary dorsiflexion of the affected ankle. This motor
dysfunction results in a pathological gait characterized
by a limited foot clearance during the swing phase,
shorter stride lengths, reduced single-limb stance
phases, and often lower gait speed.'* People who have
experienced a stroke usually exhibit additional compen-
satory movements such as circumduction of the leg and
elevation of the pelvis of the affected side as a result of a
reduced hip and knee flexion.'> FES-based foot drop
compensation devices have been shown to improve
pathological gait both when used as an assistive
device®'""'® and when used as a therapeutic device in
rehabilitation programs.®'"!”

Most available commercial devices consist of a port-
able one or two channel stimulator with surface elec-
trodes targeting the peroneal nerve. The nerve is
activated during swing phase of the gait. Often a tilt
sensor or foot switch'® triggers the activation pattern.
One of the often-reported usability issues with commer-
cial FES foot drop devices is the complex initial set-up
and the difficulty to find the right electrode pos-
itions.'”** The latter can be caused by the intra-subject
variation of the spatial activation points from day to
day*'*? that complicate the search for proper electrode
positions and stimulation parameters valid over mul-
tiple unsupervised applications. This type of usability
issue may discourage potential users from using FES
foot drop devices,” so it is important to consider
usability aspects from the initial design and develop-
ment stages of FES systems to be able to improve
uptake.

In the last years, surface multi-field electrodes have
emerged” and have shown a great potential on
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Figure |. Fesia Walk device.

improving activation selectivity”** over conventional

surface electrodes.”® Multi-field electrodes have also
shown advantages in decrease of muscle fatigue.”’ %’
They can adapt the activation region to inter- and
intra-subject differences by means of an automatic
search of best activation points, so-called motor
points.?**% 3 On the other hand, the multi-field elec-
trode technology exponentially increases the number of
possible stimulation combinations, and therefore
potentially increases the complexity of its use. A
recent study compared the usability of the multi-field
FES system with commercial devices owned by the
seven participants, where the former resulted in lower
scores in terms of ease of use.>* Nevertheless, the study
proved the feasibility of using a multi-field FES-based
foot drop system as a take-home system.

In the present study, we used a multi-field FES-
based foot drop system that was designed to personal-
ize and improve activation selectivity while keeping the
interface intuitive and easy to use, and not to com-
promise usability aspects that are of key importance
in a clinical environment. The aim of this field study
was to analyze the usability and user satisfaction
aspects of the device from both therapists’ and patients’
perspectives. A further aim was to check the feasibility
of integrating surface multi-field electrode-based FES
systems into a neurorehabilitation program in a clinical
setting. The usability study was carried out with 10
subjects with foot drop syndrome and 4 therapists.

Methods
FES system

The Fesia Walk device, shown in Figure 1, is a rehabili-
tation device aimed to be used in therapy sessions in
clinical environments with people who have a foot drop
caused by neurological disorders. It delivers electrical
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pulses to the peroneal and tibial nerves in order to elicit
a dorsal flexion and plantar flexion of the ankle in the
corresponding phases of the gait. This system is based
on surface multi-field electrodes that provide an
improved activation selectivity and finds the stimula-
tion motor-points by means of a semi-automatic cali-
bration procedure.”* The Fesia Walk device consists of
a stimulator unit, a multi-field electrode, a gait phase
detection sensor, a textile garment, and a software
application.

Stimulator. The stimulator unit generates biphasic elec-
trical current pulses. The device operates wirelessly and
has a single current source capable of delivering pulses
and controls up to 40 electrode fields independently. It
is designed to be worn under the clothes. The system
can be controlled remotely from a mobile device and a
software application via wireless Bluetooth communi-
cation. The overall stimulation amplitude can be
increased and decreased on the stimulator unit by
means of two push buttons at any time during its use.

Multi-field electrode. The multi-field electrode, shown in
Figure 2, was designed to cover the posterior and lat-
eral sides of the knee in order to stimulate the peroneal
and tibial nerves. It consists of 16 cathodes of
18 x 15mm and four anodes of 18 x33mm size,
which can be activated independently or combined,
allowing the electrode to adapt to different physiolo-
gies. This multi-field electrode has two conductive gel
(AG703) layers that cover the cathodes and the anodes.

Sensor. The Fesia Walk gait phase detection sensor con-
sists of a 9-degrees of freedom inertial measurement
unit (IMU), a microcontroller and a Bluetooth radio.
It has two main functions: (i) the search of optimal
stimulation parameters (calibration) and (ii) the real-
time detection of different gait phases. Its size is
50 x 42.5 x 16 mm and its weight is 30g. The sensor
can be attached to the shoelaces or the tongue of the
shoe with an embedded clip.

The calibration stage is carried out while the user is
sat down on a stretcher with his legs in an extended

Figure 2. Fesia Walk multi-field electrode and textile garment
(inner view).

position and the ankle has freedom of movement. In
this stage, the sensor measures ankle dorsal flexion,
plantar flexion, inversion and eversion of the foot.
During calibration the optimal fields and stimulation
parameters are automatically determined for each of
the movements.>> During gait, the sensor detects heel-
off and heel-on moments of the affected foot, and trig-
gers the corresponding stimulation patterns.

Garment. The textile garment ensures proper skin—elec-
trode contact and serves as support for both the stimu-
lator and the multi-field electrode. The garment is
ergonomically designed to be placed right under the
knee. It comes in two versions, one for each laterality
(left/right). The textile is breathable and washable. It
does not include any rigid materials and adapts to dif-
ferent leg sizes and shapes. A magnetic closing system
allows its single-handed donning.

Software application. The Fesia Walk system includes a
HTMLS software application that runs on several
platforms (PC, tablet, phone) and operating systems.
The application controls and sets the stimulation par-
ameters. It also allows supervision of the patient’s evo-
lution in terms of range of motion (ROM) of the
ankle in an easy and intuitive way. The application
was designed to be used by therapists or clinicians
and includes a patient management platform. With
this platform therapists and clinicians can generate
reports that describe the status and details of each
patient, store specific parameters, and check the
patient’s record history.

The application includes a calibration screen for
semi-automatic detection of the optimal stimulation
parameters.>> In the first step, the calibration procedure
automatically activates each of the independent fields of
the electrode and selects the best field combinations to
achieve four different ankle joint movements (inversion,
dorsiflexion, eversion and plantarflexion). The user can
set the stimulation frequency, pulse-width and ampli-
tude ranges, select the cathodes to be skipped or restart
and stop the calibration procedure at any time.

After calibration the user is directed to an optimiza-
tion screen, shown in Figure 3. Here the user can super-
vise and adapt the determined stimulation fields and
parameters, and can save them directly or modify
them. Additionally, the user can manually test any
field combinations before saving the definitive param-
eters. The parameters saved in this screen for obtaining
dorsiflexion and plantarflexion are then used during the
walking mode.

After these steps, the device gets configured and the
user can initiate the walking mode. During the walking
mode the software application shows the battery level
and connection status of the device.
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Figure 3. Optimization screen of the software application.

Lastly, the software includes an assessment screen
where the IMU sensor can measure the active and pas-
sive ROMs of the ankle joint. This data is stored for
each patient and is visualized in the form of graphs,
where the clinicians can easily observe the evolution
of the patient throughout time.

Protocol

In order to validate the usability of the Fesia Walk
system, a field usability study was carried out in a clin-
ical environment. The study was authorized by the local
ethical committee (Comité Etico de Investigacion
Clinica de Navarra) and the Fesia Walk device was
approved by the Spanish Agency of Medicines and
Medical Devices for its use in this research study
(578/16/EC).

Subjects. In this study, 4 therapists and 10 subjects with
acquired brain injury (8 stroke subjects and 2 traumatic
brain injury (TBI) subjects) were involved. The therap-
ists were responsible for manipulating the system, i.e.
performing donning, calibration, setting of parameters
and doffing. The subjects with acquired brain injury, all
showing a foot drop syndrome, wore the device and
walked with it. Neither the therapists nor the subjects
had previous experience with using FES foot drop
devices.

The inclusion criteria for subjects were the following:

e more than 18 years old

FesiaWalk

FLEXION PLANTAR
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A B - [
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1) Anodos preferontes

slizado (o SHpuALE

e foot drop caused by stroke or TBI

e time from injury more than one year

e independent ambulation (no human support) for
more than 10m

e capacity to understand and follow simple verbal
instructions

Exclusion criteria were:

injury of peripheral nervous system

severe spasticity (Modified Ashworth = 4)
severe muscle contractures in the target leg
use of pacemaker

pregnancy

metallic implants in target leg

allergy to electrodes

hypersensitivity to electrical stimulation

Tables 1 and 2 gather the details of each of the
participants.

Procedure. Therapists received a training lesson of 1h
and received the user manuals before starting the
study to learn how to use the Fesia Walk device.
Each therapist was randomly assigned to two or
three subjects. Each subject received three adaptation
sessions to become used to FES, followed by six ther-
apy sessions. Finally, an evaluation session was car-
ried out, where therapists and subjects were
interviewed and filled out the satisfaction and usability
questionnaires.
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Table |. Subject details.

Subjects Age Gender Injury Affected leg Time since injury
| 66 M Hemorragic stroke Left 5 years and 7 months
2 64 M Hemorragic stroke Right | year and 8 months
3 67 M Hemorragic stroke Left 3 years and 8 months
4 55 M Ischemic stroke Right 3 years and 5 months
5 70 M Ischemic stroke Right 4 years and 6 months
6 52 M Ischemic stroke Right 10 years and 3 months
7 80 M Ischemic stroke Left 8 years and | month
8 56 M Traumatic brain injury Left 5 years and 8 months
9 54 F Traumatic brain injury Right 7 years and |0 months
10 59 M Hemorragic stroke Right 3 years and 2 months
Table 2. Therapist details.
Working experience
Therapists Age (years) Gender Occupation in neurology (years)
| 41 M Physiotherapist 16
2 27 F Physiotherapist I
3 35 F Physiotherapist 13
4 37 M Occupational therapist 9
=T TR p =T & = meaning “strqngly agree”. The items of the SUS scale
Recruitment and training [ are the following:
Adaptation | |
Ei?ﬁ,;ﬁzl: — = o — Item 1: T think that I would like to use this product

Subjects 1-4 Subjects 5-10

Figure 4. Protocol schedule.

First, each therapist carried out all the sessions with
a single subject, and once finished, they started with
their second (and third) subject, as can be seen in
Figure 4. This was done to ensure that the learning
process was carried out from the beginning to the end
with one subject to avoid noise or difficulties derived
from managing more than one subject in parallel the
first time they were using the device.

Outcome variables. To assess the usability of the system,
two different questionnaires were passed to the therap-
ists only. One of them was the standard System
Usability Scale (SUS),* which consisted of 10 items
or statements that the participants had to rate accord-
ing to their level of agreement. The scores were com-
prised between 1, meaning “strongly disagree”, and 5,

frequently.

Item 2: I found the product unnecessarily complex.
Item 3: I thought the product was easy to use.

Item 4: I think that I would need the support of a tech-
nical person to be able to use this product.

Item 5: I found the various functions in the product
were well integrated.

Item 6: I thought there was too much inconsistency in
this product.

Item 7: I imagine that most people would learn to use
this product very quickly.

Item 8: I found the product very awkward to use.
Item 9: I felt very confident using the product.

Item 10: I needed to learn a lot of things before I could
get going with this product.

For determining the satisfaction of both the therap-
ists and subjects with respect to the Fesia Walk
device, the standardized Quebec User Evaluation of
Satisfaction with Assistive Technology (QUEST) ques-
tionnaire®® was used. The last four questions of the
QUEST related to product services were skipped
because they were out of our scope. Thus, the
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questionnaire consisted in eight items (dimensions,
weight, adjustments, safety, durability, ease of use, com-
fort and effectiveness) that the participants had to rate
according to their satisfaction level, with 1 meaning “‘not
satisfied at all”’, and 5 meaning “very satisfied”.
Furthermore, each participant had to select the three
items that they considered to be the most important
according to their criteria.

The QUEST and SUS are general satisfaction and
usability evaluation scales. So, a complementary ques-
tionnaire that was specific to usability aspects of the
Fesia Walk device was designed. The aim of this ques-
tionnaire was to extract more specific information about
potential usability issues and thus, to increase the sensi-
tivity of the evaluation. Therapists were asked to fill this
custom-designed questionnaire after each session in
order to analyze the evolution of the usability ratings
of the device over sessions. The questionnaire consisted
of 24 items that the therapists had to rate according to
their level of agreement (scores ranged from minimum 1
to maximum 10). It included items related to donning/
doffing, automatic calibration, manual configuration,
and walking quality with the device. Additionally, it
included a section for reporting problems. The items
of the Fesia Walk questionnaire were the following:

e Item I: I placed the system on the subject’s leg easily.

e Item 2: I placed the sensor on the subject’s foot

easily.

Item 3: I initiated the application easily.

Item 4: I selected or created a new subject easily.

Item 5: I carried out the ROM measurements easily.

Item 6: I understand the obtained measures.

Item 7. I think that the ROM measures were correct

(approximately).

e Item 8. I carried out the adaptation session easily
(sessions 1 to 3).

e Item 9. I found the motor threshold easily (sessions 1
to 3).

e Item 10. The subject has shown tolerance to elec-
trical stimulation.

e Item 11. I have carried out the calibration easily.

e Item 12. I think that the automatic calibration found
a good dorsal flexion.

e Item 13. I think that the automatic calibration found
a good plantar flexion.

e Item 14. I consider that the automatically selected
fields were good.

e Item 15. I consider that the automatically selected
parameters were good.

e [tem 16. I carried out the optimization easily.

e Item 17. I think that the subject walked better with
the system than without it.

e Item 18. I think that the subject walked worse with
the system than without it.

e Item 19. I think that the stimulation was triggered in
the correct phases of gait.

e Item 20. I think that the subject felt safer walking
with the system than without it.

e Item 21. The subject has expressed positive com-
ments about the device.

e Item 22. The subject was not fatigued while walking
with the system.

e Item 23. I managed well in general with the device.

e Item 24. I managed well in general with the
application.

Finally, a personal interview was carried out with
each of the therapists and subjects to collect general
comments and feelings about the device that were not
covered by the questionnaires. The following list pre-
sents the interview guide with questions for therapists
(T), subjects (S), or both (B):

Did the device meet your expectations? B

Was it better than expected? B

Was it worse than expected? B

What did you like the most? B

What did you like the least? B

Would you use it daily? B

Would you use it regularly? B

Would you use it at home? S

Would you recommend it for home? T

Do you think you could learn to handle it? S

Do you think it is easy to handle? T

Was the device (garment) comfortable? S

Was the electrical stimulation uncomfortable? S
Did you feel safer walking with the system than
without it? S

Did you feel less safe walking with the system than
without it? S

Was it easy to don/doff? T

Was it easy to adjust (garment)? T

Was it easy to calibrate? T

Did you prefer the automatic or manual tuning of
parameters? T

Was it easy to manage different patients? T

Was it an intuitive system? T

Did you find it easy to check the correct functioning
of the system? T

Was it easy to find a dorsal flexion with the system? T
Was it easy to find a plantar flexion with the system? T
Do you think that the gait improved with its use? T
Do you think that the gait got worse with its use? T
Would you like to continue using the system? B
Did you like the design? B

What part of the design did you like the most? B
What part of the design did you like the least? B
Would you add any function or feature to the
device? B
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e How would you describe the whole experience (one
sentence)? B

e How would you describe
sentence)? B

e Would you like to participate in another study with
this device in the future? S

the device (one

Sessions

Adaptation session. Number of sessions (each sub-
ject): three

Session duration: 30 min

The objective of the adaptation sessions was to make
the subjects familiar to surface FES as well as adapting
the neuromuscular system to the application of FES.
Each session consisted of the following steps:

e Don the Fesia Walk device and sit the subject in a
chair with their legs in an extended position.

e Run a calibration iteration®? adapting the amplitude
to the subject’s comfort with frequency and pulse-
widths set to 35 Hz and 250 ps, respectively.

e Repeat the previous step increasing the amplitude in
2 mA steps until subject’s tolerance.

e Stop the stimulation and doff the Fesia Walk device.

e Fill the usability questionnaires designed specifically
for Fesia Walk (only therapists).

Although the adaptation sessions did not include
walking with the device, the therapists were instructed
to find a proper ankle movement, as performed during
walking, when the subject’s tolerance to stimulation
was above motor threshold.

Fesia Walk session. Number of sessions: six

Session duration: 45 min

The objective of these sessions was to provide gait
therapy sessions based on the Fesia Walk device to
check the feasibility of integrating it in rehabilitation
routines. Each session consisted of the following steps:

e Don the Fesia Walk device and sit the subject in a
chair with their legs in an extended position on top
of a support cushion, ensuring movement freedom
for the ankle.

e Run the Fesia Walk calibration® with the amplitude
set to subject’s tolerance, frequency 35 Hz and pulse-
width 250 ps.

e Start the gait mode of the Fesia Walk and ask sub-
jects to walk with the device until the end of the
session. The gait was adapted to each subject,
adding resting times or including more complex
functions (stairs, obstacles,...) depending on the
condition of each subject.

e Stop the stimulation and doff the Fesia Walk device.
e Fill the usability questionnaires designed specifically
for Fesia Walk (only therapists).

Evaluation session. Number of sessions (each sub-
ject): one

Session duration: 30 min

The objective of these sessions was to collect feed-
back regarding satisfaction and usability of the Fesia
Walk device from both therapists and subjects. The
evaluation session was carried out at the end of the
sessions to the subjects, and at the end of all the studies
to the therapists. The evaluation session for the subjects
consisted of the following steps:

e Present and ask to fill the modified QUEST scale to
the subject.
e Carry out an interview with the subject.

The evaluation session for the therapists consisted of
the following steps:

e Present and ask to fill the modified QUEST and the
SUS scales to the therapist.
e Carry out an interview with the therapist.

Results
Usability

The usability results were obtained from the SUS and
the Fesia Walk specific questionnaire scores. These
were only obtained from the therapists, as they were
the ones handling the devices. According to the SUS
scale,® the therapists considered the Fesia Walk device
as “‘excellent” from the usability perspective with an
average score of 85.6 out of 100.

In Figure 5, it can be seen the average total score of
the SUS scale and the total scores of each therapist
ranging from 77.5 to 90 out of 100.
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Figure 5. Average SUS usability scores.
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Regarding specific item scores shown in Figure 6, the
Items 2, 3, 4, 7, and 8 got a median score of 10 out of
10, which were all items related to the ease of use. The
Items 1, 5, 6, and 9 were scored the lowest with median
scores of 7.5 out of 10 and corresponded to statements
related to the frequency of use, the consistency, and the
confidence of the therapists when handling the system.

SUS Median
10

The questionnaire designed specifically for the Fesia
Walk device provided us with the evolution of the
usability scores over sessions, which we expected to
increase with the therapists’ experience in using the
device. Figure 7 shows the learning curves of each ther-
apist, i.e. an increase of the usability scores, until
approximately the 5th session. After the 5th session,

Item Scores

ltem1l Iltem2 Item3 Item4 Item5

Figure 6. Item SUS median usability scores.
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Figure 7. Fesia Walk usability questionnaire scores over sessions for the four therapists. Vertical black lines indicate the last

adaptation session for each of the subjects.
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the usability scores either reached a plateau or
increased slowly. This effect is more evident in
Therapist 3. All therapists scored higher with the
second and third subject than with the first subject,
which indicates that they got used to the device after
the first subject. Some usability aspects like donning,
adaptation, or calibration were carried out easier even
in the first session with next subjects.

Specific items related to the donning of the device
(Items 1, 2, 3 and 4) were rated highest by all therapists
together with items related to the general use of the
device (Items 21, 23, 24). The lowest scores were found
in the items related to calibration (Items 11, 12, 13, 14,
15, 16). Specially, Item 13, related to the ease of finding
plantar flexion, and Item 14, related to the quality of the
automatically selected fields, received low scores.

Overall 27 problems were reported during all the
studies, which did not interfere at all with the comple-
tion of the sessions. Twelve of these problems were
related to wireless connection issues between the
tablet and the stimulator. The application crashed six
times and the stimulator crashed (stopped stimulating)
three times during the entire study. All these problems
happened during the configuration process, never
during gait, and were solved fast by resetting the appli-
cation or/and the stimulator. Finally, one of the ther-
apists reported problems on electrode positioning. She
had to reposition the electrodes in three sessions with
one of the subjects and in two sessions with another
subject. This issue was only reported by one therapist
and in two of her three subjects. It could be caused by
an incorrect method of initial electrode positioning or
calibration of electrode fields and parameters, or by the
difficulty of generating specific ankle joint movements
for these two subjects due to their physiological
characteristics.

Satisfaction

Subjects. The satisfaction results from the QUEST ques-
tionnaires of the subjects are shown in Figure 8.
The average score was 4.2, meaning that in average
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Figure 8. Average QUEST satisfaction scores—subjects.

they were ‘“quite satisfied”” with the device according
to the QUEST scale.>® Subject 9 reported the lowest
overall score of 3.4, meaning “more or less satisfied”,
which was the result of low scores related to size,
weight, and ease of adjustment of the device.

In Figure 9, we compared the results obtained in this
study with results obtained in the feasibility study of
another multi-field FES foot drop system known as
Shefstim.** Shefstim was tested on seven participants
who were already users of commercial FES devices.
Fesia Walk got higher scores than the Shefstim, and
the commercial devices in those items related to dimen-
sions and weight. It also resulted in higher scores than
the Shefstim in terms of safety and ease of use. However,
Fesia Walk got lower effectiveness scores than the
Shefstim. It should be remarked that the Shefstim, and
other commercial devices were described as assistive
devices, whereas the Fesia Walk was described as a
rehabilitation device, which could have affected the
scores of this item. We can see that safety was the item
that got the highest median score of 5 out of 5. This
comparison should be taken cautiously, as the popula-
tion, sample size, and protocol of the Shefstim study
were different,** and thus, statistical analysis cannot be
applied. However, it can serve as a reference for the
Fesia Walk as it is the only usability study carried out
with a multi-field FES foot drop system.

In Figure 10, we can see the items that were con-
sidered most important for the subjects. They con-
sidered the effectiveness to be the most important
aspect of a medical device, followed by the comfort
and the ease of use.

Therapists. Figure 11 shows the satisfaction results from
the QUEST questionnaires obtained from the therap-
ists. Similar to the subjects, the average score was 4.1
out of 5, meaning that in average therapists were also
“quite satisfied” with the device. Indeed, Therapist 1,
who was the most experienced on neural rehabilitation,
was ‘“‘very satisfied” with the device having rated an
overall score of 4.7 out of 5.

QUEST Item Scores
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Figure 9. Item QUEST median satisfaction scores. Comparison
with the ShefStim feasibility study results34—subjects.
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Figure 12. Item QUEST median satisfaction
scores—therapists.

When we analyze specific item scores given by the
therapists in Figure 12, we can see that again safety was
the item with the highest median score with 4.5 out of 5,
whereas the rest of the items scored 4 out of 5.

Finally, Figure 13 shows the effectiveness to be the
most important aspect of a medical device for therap-
ists and gave importance to the ease of use. Unlike the
subjects, they did not consider comfort to be such an
important aspect, and dimensions of the device were
more important instead.

Figure 13. QUEST most important items—therapists.

Interviews

A heterogeneous collection of comments, opinions, and
suggestions was received during the interviews, and
most of them had positive connotation. All the subjects
reported that the device met or exceeded their expect-
ations; all of them found the device comfortable. All
but one person expressed their wish to keep and use the
device periodically and all but one person felt safer
during gait when wearing the device. Similarly, all ther-
apists expressed their wish to keep applying the device
continuously and all of them found the device easy to
use in all aspects.

However, few negative comments were also received.
Some of the subjects expressed difficulties in donning
the device without assistance, and three of them found
the sensation produced by FES a bit unpleasant. The
therapists mentioned that they sometimes did not fully
agree with the parameters suggested by the automatic
calibration and preferred to do manual adjustments.
They noticed that there was a high inter-session vari-
ability of the functional response to the device.

Discussion

Regarding usability, the therapists rated the Fesia Walk
using the SUS scale as “excellent” and were all in agree-
ment that they could use the device without any sup-
port from a technician. However, most of them agreed
to use the device sporadically and not daily. This could
be linked to some comments that therapists did at the
end of the study. The automatic calibration did not
always determine the best fields for all movements
and the electrode position affected the quality of the
movements. Thus, some therapist chose to manually
adjust the stimulation parameters and to reposition
the electrode in few sessions, which may have influ-
enced their ratings about the daily use of the device.
Donning and general aspects of the use of Fesia Walk
received the highest scores. Analyzing the usability
scores throughout the sessions we could see that the
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learning curve of the therapists to apply the Fesia Walk
device took around five sessions, and some usability
aspects like donning, adaptation, or calibration were
easier to carry out after the first subject.

When compared in terms of usability to another
multi-field electrode-based system®* and other com-
mercial FES devices, the Fesia Walk showed similar
scores, although this comparison should be taken cau-
tiously as both studied followed different protocols
and had different sample sizes. The lower score on
the effectiveness item could be affected by the purpose
of the device. Shefstim and other commercial devices
were developed as assistive devices, whereas Fesia
Walk was introduced to the participants as a rehabili-
tation device. Therefore, the effectiveness score was
based on the subjects’ and therapists’ perception of
recovery. The aim of this study was not to check the
therapeutic effect of the device so its duration was not
enough for the participants to observe significant
improvements on gait. This fact could have affected
the scoring of the effectiveness item.

The satisfaction scores showed that both therapists
and subjects were “quite satisfied”” with Fesia Walk.
Both groups agreed that the best aspect of the device
was that they felt safe when using it. Actually, it was
interesting to find out that effectiveness and ease of use
were important aspects for both therapists and the sub-
jects, but the latter group seemed to give more import-
ance to comfort, whereas the therapists were more
concerned about the physical dimensions of the device
and suggested that it could be smaller to fit better under
tighter trousers. It might be that the subjects did not
share this concern because the device was presented to
them as a rehabilitation device to be used in therapy
sessions in the clinic and in this environment, they
might not care much about the size. However, therap-
ists tended to think of it as a rehabilitation and assistive
device that subjects could wear during their daily
activities.

Finally, it should be remarked that most subjects
expressed their wish to keep using Fesia Walk period-
ically, that they felt safer when walking with the
device and that they found the device comfortable.
Similarly, all therapists expressed their wish to continue
using Fesia Walk and found the device intuitive and
easy to use.

Conclusion

Despite the fact that surface multi-field electrodes
increase the number of stimulation parameters and
might increase the overall complexity, it seems feasible
to include this advanced technology with a thoughtful
design that does not compromise usability aspects. In
fact, the presented system benefits from the advantages

of multi-field electrodes such as automatic electrode
selection, adaptability to different physiologies, and
the possibility of stimulating different fields for achiev-
ing different ankle movements.” **> The user-interface
was designed to be as simple and intuitive as possible,
resulting in a fair balance between technological
advance and prioritization of usability aspects.

All the participants were very satisfied with the Fesia
Walk device in terms of usability and we could confirm
the feasibility of integrating a FES device based on sur-
face multi-field electrodes in a clinical rehabilitation
program.

Further improvement of the weakest aspects of the
device discovered in this study may help to increase
acceptance of these devices even more. Usability studies
like the presented one or feedback from end-users are
crucial to guarantee the success of FES devices in clin-
ical practice. Furthermore, clinical studies should be
carried out to confirm the therapeutic effect of these
types of multi-field electrode-based FES systems in
neurorehabilitation.

Declaration of conflicting interests

The author(s) declared the following potential conflicts of
interest with respect to the research, authorship, and/or pub-
lication of this article: Eukene Imatz-Ojanguren, Thierry
Keller and Haritz Zabaleta are employed at TECNALIA,
San Sebastian, Spain, from which they receive financial
compensation.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: Part of this study was supported by the European
Regional Development Funds through the Interreg Sudoe
Program, project SOE1/P1/F0370.

Guarantor
EIO.

Contributorship

EIO, HZ, and TK researched the literature, conceived the
study, partly designed the Fesia Walk device, developed the
documentation for obtaining the ethical approval and carried
out the data analysis. GSM, JRAA, JCM, and EJG were
involved in the protocol design and development, subject
recruitment, and carried out the usability study. EIO wrote
the first draft of the manuscript. All authors reviewed and
edited the manuscript and approved the final version of the
manuscript.

Acknowledgements

The authors want to thank David Valencia, Milos Kostic,
and Javier Camarena for their great technical support and
to the volunteers for their participation in this study.



12

Journal of Rehabilitation and Assistive Technologies Engineering

ORCID iD
Eukene Imatz-Ojanguren (2} https://orcid.org/0000-0001-
5003-2594
References
1. Peckham PH and Knutson JS. Functional electrical

10.

11.

12.

13.

14.

15.

. Hammond ER, Recio AC, Sadowsky CL,

stimulation for neuromuscular applications. Annu Rev
Biomed Eng 2005; 7: 327-360.

. Popovic DB. Advances in functional electrical stimula-

tion (FES). J Electromyogr Kinesiol 2014; 24: 795-802.

. Keller T and Kuhn A. Electrodes for transcutaneous (sur-

face) electrical stimulation. J Autom Control 2008; 18:
35-45.

. Eraifej J, Clark W, France B, et al. Effectiveness of upper

limb functional electrical stimulation after stroke for the
improvement of activities of daily living and motor func-
tion: a systematic review and meta-analysis. Syst Rev
2017; 6: 40.

et al.
Functional electrical stimulation as a component of activ-
ity-based restorative therapy may preserve function in
persons with multiple sclerosis. J Spinal Cord Med
2015; 38: 68-75.

. Kafri M and Laufer Y. Therapeutic effects of functional

electrical stimulation on gait in individuals post-stroke.
Ann Biomed Eng 2015; 43: 451-466.

. Gallego JA, Rocon E, Belda-Lois JM, et al. A neuro-

prosthesis for tremor management through the control
of muscle co-contraction. J NeuroEng Rehabil 2013; 10:
36.

. Sasaki K, Matsunaga T, Tomite T, et al. Effect of elec-

trical stimulation therapy on upper extremity functional
recovery and cerebral cortical changes in patients with
chronic hemiplegia. Biomed Res 2012; 33: 8§9-96.

. Hamid S and Hayek R. Role of electrical stimulation for

rehabilitation and regeneration after spinal cord injury:
an overview. Eur Spine J 2008; 17: 1256-1269.

Nataraj R, Audu ML and Triolo RJ. Restoring standing
capabilities with feedback control of functional neuro-
muscular stimulation following spinal cord injury. Med
Eng Phys 2017, 42: 13-25.

Dunning K, O’Dell MW, Kluding P, et al
Peroneal stimulation for foot drop after stroke: a
systematic review. Am J Phys Med Rehabil 2015; 94:
649-664.

Venugopalan L, Taylor P, Cobb J, et al. Upper limb
functional electrical stimulation devices and their man—
machine interfaces. J Med Eng Technol 2015; 39:
471-479.

Del-Ama AJ, Koutsou AD, Moreno JC, et al. Review of
hybrid exoskeletons to restore gait following spinal cord
injury. J Rehabil Res Dev 2012; 49: 497-514.

Michalina B, Ida W, Katarzyna K, et al. Mechanisms of
compensation in the gait of patients with drop foot. Clin
Biomech 2017; 42: 14-19.

Balaban B and Tok F. Gait disturbances in patients with
stroke. PM&R 2014; 6: 635-642.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Bethoux F, Rogers HL, Nolan KJ, et al. The effects of
peroneal nerve functional electrical stimulation versus
ankle—foot orthosis in patients with chronic stroke: a ran-
domized controlled trial. Neurorehabil Neural Repair
2014; 28: 688-697.

. Sabut SK, Sikdar C, Kumar R, et al. Functional elec-

trical stimulation of dorsiflexor muscle: effects on dorsi-
flexor strength, plantarflexor spasticity, and motor
recovery in stroke patients. NeuroRehabilitation 2011;
29: 393-400.

Sabut SK, Bhattacharya SD and Manjunatha M.
Functional electrical stimulation on improving foot
drop gait in poststroke rehabilitation: a review of its tech-
nology and clinical efficacy. Crit Rev Biomed Eng 2013;
41: 149-160.

Wilkie KM, Shiels JE, Bulley C, et al. “Functional elec-
trical stimulation (FES) impacted on important aspects of
my life” — a qualitative exploration of chronic stroke
patients’ and carers’ perceptions of FES in the manage-
ment of dropped foot. Physiother Theor Pract 2012; 28:
1-9.

Taylor PN, Burridge JH, Dunkerley AL, et al. Patients’
perceptions of the Odstock Dropped Foot Stimulator
(ODFS). Clin Rehabil 1999; 13: 439-446.

MaleSevi¢ J, Strbac M, Isakovi¢ M, et al. Evolution of
surface motor activation zones in hemiplegic patients
during 20 sessions of FES therapy with multi-pad elec-
trodes. Eur J Transl Myol 2016; 26: 175-180.

Malesevi¢ J, Dujovic SD, Savic AM, et al. A decision
support system for electrode shaping in multi-pad FES
foot drop correction. J Neuroeng Rehabil 2017; 14: 66.
Kuhn A, Keller T, Micera S, et al. Array electrode design
for transcutaneous electrical stimulation: a simulation
study. Med Eng Phys 2009; 31: 945-951.

Westerveld AlJ, Schouten AC, Veltink PH, et al.
Selectivity and resolution of surface electrical stimulation
for grasp and release. IEEE Trans Neural Syst Rehabil
Eng 2012; 20: 94-101.

Popovic-Bijelic A, Bijeli¢ G, Jorgovanovi¢ N, et al. Multi-
field surface electrode for selective electrical stimulation.
Artif Organs 2005; 29: 448-452.

Koutsou AD, Moreno JC, del Ama AJ, et al
Advances in selective activation of muscles for non-
invasive motor neuroprostheses. J NeuroEng Rehabil
2016; 13: 56.

Downey RJ, Bellman MJ, Kawai H, et al. Comparing the
induced muscle fatigue between asynchronous and syn-
chronous electrical stimulation in able-bodied and spinal
cord injured populations. IEEE Trans Neural Syst
Rehabil Eng 2015; 23: 964-972.

Sayenko DG, Nguyen R, Popovic MR, et al. Reducing
muscle fatigue during transcutaneous neuromuscular
electrical stimulation by spatially and sequentially distri-
buting electrical stimulation sources. Eur J Appl Physiol
2014; 114: 793-804.

Malesevic NM, Popovic LZ, Schwirtlich L, et al.
Distributed low-frequency functional electrical stimula-
tion delays muscle fatigue compared to conventional
stimulation. Muscle Nerve 2010; 42: 556-562.



Imatz-Ojanguren et al.

13

30.

31.

32.

33.

Freeman CT. Electrode array-based electrical stimulation
using ILC with restricted input subspace. Control Eng
Pract 2014; 23: 32-43.

Popovic DB and Popovic MB. Automatic deter-
mination of the optimal shape of a surface electrode:
selective stimulation. J Neurosci Methods 2009; 178:
174-181.

O’Dwyer SB, O’Keeffe DT, Coote S, et al. An electrode
configuration technique using an electrode matrix
arrangement for FES-based upper arm rehabilitation sys-
tems. Med Eng Phys 2006; 28: 166-176.

Heller BW, Clarke AJ, Good TR, et al. Automated setup
of functional electrical stimulation for drop foot using a
novel 64 channel prototype stimulator and electrode

34.

35.

36.

array: results from a gait-lab based study. Med Eng
Phys 2013; 35: 74-81.

Prenton S, Kenney LP, Stapleton C, et al.
Feasibility study of a take-home array-based functional
electrical stimulation system with automated setup for
current functional electrical stimulation users with foot-
drop. Arch Phys Med Rehab 2014; 95: 1870-1877.
Bangor A, Kortum P and Miller J. Determining what
individual SUS scores mean: adding an adjective rating
scale. J Usabil Stud 2009; 4: 114-123.

Demers L, Weiss-Lambrou R and Ska B. The Quebec
User Evaluation of Satisfaction with Assistive
Technology (QUEST 2.0): an overview and recent pro-
gress. Technol Disabil 2002; 14: 101-105.



