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Abstract
Background: Exoskeleton use by people with complete spinal cord injury (SCI) in daily life is still a
challenge. To optimize its daily life use, a better understanding of the purpose of use and the
accompanying improvements are needed. The perspective of experienced exoskeleton users provides an
important contribution to the improvement of future exoskeletons.

Methods: Face-to-face semi-structured interviews were held with 13 people with SCI, who were
experienced exoskeleton users. Interviews were audio-taped, transcribed and analysed thematically.

Results: Participants expressed three future purposes of exoskeleton use: for daily activities, exercise, and
social interaction. Exoskeleton use during daily activities was the ultimate goal. Therefore, the future
exoskeleton should be: easy to use, small and lightweight, tailor made, safe, comfortable, less distinctive,
durable, and affordable. Improving the ease of use was relevant for all purposes, for all participants. The
other suggestions for improvement varied depending on the purpose of use and the participant.

Conclusions: Increasingly more advanced improvements to future exoskeletons are needed to transition
from an exercise purpose, to social interaction, and ultimately use during daily activities. In the current
study, detailed suggestions for improvements from experienced exoskeleton users have been made. Only
when multiple of these suggestions are adjusted, can the exoskeleton be used to its full potential.

Background
Spinal cord injury (SCI) is characterized by damage of the spinal cord that leads to (partial) loss of
sensory, motor and autonomic functions below the lesion.[1] A complete SCI is characterized by paralysis
of the muscles below the lesion level and, thus, recovery of walking capacity is unlikely, resulting in a
lifetime reliance on a wheelchair.[2, 3] Further, people with SCI are also at risk for the occurrence of
secondary health complications, such as bladder and bowel disorders, pressure ulcers, spasticity and
pain,[4, 5] which are associated with a lower quality of life.[5] Recently, wearable exoskeletons (such as
the ReWalk™, Ekso™, and Indego® exoskeleton) have appeared on the consumer market.[6] In the clinical
setting, wearable exoskeletons are mainly used for training purposes and to enhance health bene�ts in
people with complete SCI. The health bene�ts include less spasticity,[7, 8] improved bowel function,[9]
and improved overall quality of life.[7] However, to preserve these health bene�ts, regular exoskeleton use
is necessary. One approach to facilitate regular exoskeleton use is to ensure that wearable exoskeleton
can be used at home and in the community.

Little is known about the use and experienced bene�ts of exoskeleton use in the community. To our
knowledge, two studies investigated community exoskeleton use, namely in a community-based gym[10]
or in and around home.[11] In both studies, the exoskeleton was mainly used for exercise purposes.[10,
11] Participants also emphasized the usefulness of an exoskeleton for social interaction.[10, 11] The
exoskeleton was rarely used to facilitate functional mobility during daily activities.[11] Study participants
reported physical and psychosocial bene�ts after using the exoskeleton for approximately ten weeks[11]
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or one year[10]. They experienced less spasticity, less pain, better wound healing, improved bowel
function, and improved mental wellbeing and increased energy to (socially) interact at eye-level.[10, 11]
Although there seem to be physical and psychosocial bene�ts for exoskeleton users, it is unclear which
barriers exoskeleton users experience in the home and community setting.

A few studies examined possible barriers and/or improvements of an exoskeleton in order to optimize its
use. Reported areas of improvement were safety,[12–15] ease of use (including the need of a buddy,[12–
14] need of upper extremity support,[13, 16] walking speed,[12, 14, 15] donning,[12–15] transportability,
[13, 16] and energy demand[14]), costs,[14, 15], and comfort.[15] However, these suggested improvements
are from researchers and individuals with no exoskeleton use experience.[12–16] The needs and wishes
for the future exoskeleton from the perspective of people with SCI with community-based exoskeleton
experience are still unclear. In addition, the various barriers people with SCI may experience when using
the exoskeleton may vary depending on the purpose of its use (e.g., the need of a buddy might be a
barrier for functional daily use, but not for social interaction at an eye-level).

To optimize the use of exoskeletons in daily life by people with complete SCI, a better understanding of
the purpose of use and accompanying improvements from the perspective of exoskeleton users are
needed. The perspective of experienced users provides an important contribution to the improvement of
future exoskeletons. These insights can inform future exoskeletons designs, and ultimately, can help to
optimize community-based exoskeleton use. Therefore, the main research questions of this qualitative
study were (1) for which purpose(s) would (potential) exoskeleton users like to use the exoskeleton in the
future and (2) which improvements are needed to the current exoskeleton to facilitate these desired
purpose(s) of use?

Methods
A qualitative study design involving in-depth semi-structured interviews with thematic analysis was
chosen to address the research questions. All participants gave written informed consent in accordance
with the Declaration of Helsinki. The medical ethics committee of Arnhem-Nijmegen determined that this
study met the requirements for exemption from the Medical Ethics Committee review under the Dutch
Medical Research Involving Human Subjects (2019–5637). The study was approved by the internal
review board of the Sint Maartenskliniek.

Participants and recruitment
Adult people in the chronic phase (> 6 months) after a motor complete SCI (American Spinal Injury
Association Impairment Scale (AIS) A or B) who used a wearable exoskeleton both in the clinical setting
and community-setting, and had pro�ciency in the Dutch language were eligible. Eligible people who
participated in our previous exoskeleton study (2016–2418 [11]) and who gave consent to be contacted
for a follow-up study were approached. In addition, people in the Netherlands who purchased their own
exoskeleton were contacted to participate. To our knowledge, this was the entire population of Dutch
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people with complete SCI who used an exoskeleton in the home and in the community setting. Potential
participants were �rst approached by an e-mail containing the information letter. If they had no
objections, they were contacted by telephone after one week of re�ection and, if they wanted to
participate, to schedule an interview appointment.

Data collection
Single face-to-face interviews were held at the participant’s home or at the rehabilitation clinic, according
to the preference of the participant. The interview guide consisted of semi-structured open-end questions
(Fig. 1). Interviews were conducted by the �rst author (PhD candidate), with whom all participants were
familiar from the previous study [11] and who received training to perform interviews. No other
participants or researchers were present during the interview. As a sensitizer, each interview started with a
short videoclip (+/- 1 minute) of the participant’s �nal clinical training session with the exoskeleton before
two-weeks of community use as part of the previous study.[11, 17] Each interview was audio-recorded
and transcribed verbatim for data analysis. During and after each interview, �eld notes were made. To
ensure complete and transparent reporting, the Consolidated Criteria for Reporting Qualitative Research
(COREQ) checklist was used.[18]

Data analysis
Data collection and data analysis was alternated and repetitively re�ected on by two researchers (RvD
and JV). Analysis of the data was done in an iterative process using thematic analysis. Transcripts were
coded by the �rst author and discussed with the second author until consensus was reached. Initial open
coding was performed by the �rst author, with labelling segments of the transcript close to the phrasing
of the participant. Thereafter, codes were re�ned throughout the analysis and categorized into themes
(axial coding). The core themes were based upon concepts extracted from literature.[11, 13, 15, 19]
Memos were written and used during the analysis to help the researchers keep track of and re�ect upon
decisions made. To help interpret the �ndings, the �eld notes (from during and after the interview) were
used. Data saturation was assumed if no new axial codes emerged from the analysis of the last two
interviews. The �nal results (selective coding) were discussed with the �rst, second, and last author and
adjusted if necessary, until consensus was reached. The software program ATLAS.ti was used to code
the data and write the memos.

Results
Thirteen out of the sixteen contacted people participated in the study. Reasons for not participating were
self-reported lack of su�cient community-based exoskeleton experience (n = 1), and limited time to
participate (n = 2). A summary of the characteristics of the thirteen participants is given in Table 1. To
ensure con�dentiality, codes (P1gender(age), P2gender(age) etc) were used instead of the participant’s names
when indicating from whom a quote originated. All participants were experienced exoskeleton users, who
completed a clinical training period of approximately eight weeks (+/- 24 training sessions). They all used
the ReWalk™ exoskeleton in the home and community setting, the amount of community use ranged from
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three to more than 100 days). Three participants had purchased their own ReWalk™ exoskeleton through
crowdfunding and, thus, had much more community exoskeleton experience. In addition, six participants
also had experience with another exoskeleton: the Indego® exoskeleton in a clinical setting (n = 4, +/-
3 years ago) and/or a research exoskeleton (i.e., March or Symbitron) in a lab setting (n = 4, +/- 1.5 years
ago). The time between the last community-based exoskeleton use and the interview ranged between one
day and four years (median of two years). The duration of the interviews varied between 30 and 90
minutes.

Table 1
Participant characteristics.

  Total (N = 13)

Sex (male / female) 7 / 6

Age (years), median [min - max] 33 [25–52]

Time post injury (years), median [min - max] 8 [2–28]

Neurological level of SCI (thoracic), median [min - max] Th9 [Th4 – L1]

Classi�cation of SCI level (low (Th7–12) / high (Th1–6)) 7 / 6

AIS* (A / B) 12 / 1

* AIS = American Spinal Injury Association Impairment Scale, Th = Thoracic, L = Lumbar

 

Purpose of exoskeleton use
Three future purposes of exoskeleton use were mentioned in the interviews, namely for daily activities,
exercise, and social interaction. Table 2 provides an overview of the purposes of use with exemplary
citations. The use during daily activities and for exercise was addressed in the interviews of all
participants. Most participants wanted to use the future exoskeleton during daily life activities in which
they now used the wheelchair, such as grocery shopping or driving a car. One person even expressed that
he wanted to do all activities that he was able to before the SCI, such as walking on the beach or running
up the stairs. Participants also mentioned that they were interested in using the exoskeleton as an
exercise device to stay �t and to stimulate health bene�ts. Furthermore, the use of the exoskeleton for
social interaction (e.g., go to the pub or join in a group chat at a party with bar tables) was mentioned in
almost all interviews. Some participants emphasized that for exercise and social interaction you do not
need to purchase your own exoskeleton, but could share an exoskeleton with others as well.
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Table 2
Purposes of exoskeleton use with exemplary citations.

Daily activities

“As it is now, I would use the Rewalk for what I call physio sports. However, you would want to use it
to do the things you used to be able to do, like getting up, driving a car, you’d put it on in the morning
and keep it on all day. Possibly using it in combination with a wheelchair. It’d be nice though if you
didn’t need your wheelchair at all.” P10female(52)

” Ultimately, I’d like to be able to, for example, go for a walk on the beach with my daughters, or take
them to an amusement park, and go on rides you actually have to go up steps for. Or at least that you
can do things that you can't do right now because of that [wheel]chair.” P3male(29)

“Well, what I envision is a kind of exoskeleton that I can put on like a pair of trousers and that I can
wear sitting in my wheelchair. So that, whenever I want to, I can get up or climb a �ight of stairs, or
whatever. […] When I think of that, of what would be possible, a whole new world opens up.”
P11male(37)

Exercise

“The purpose of walking? Well, for me it’s pushing back the boundaries. Each time, I try to walk further
with it. That’s great. First just a short distance, and then each time go a bit farther. Yeah, the goal is to
push back the boundaries and see how far you can walk with a suit [= exoskeleton] like this.”
P9male(49)

“But I’d like to use it in a rehabilitation centre, for example, to be able to walk. Preferably together with
others, so you can learn from each other. For the health bene�ts, you know. I wouldn’t use it so much
for practical things, but more to improve my health, and not have to sit in my chair all day. That I can
walk. That there’s pressure on my joints. So that you can keep walking. That’s why I think it’s useful…
to improve your health. I’d really like to use it for that.” P2female(44)

“Also for health reasons, of course. Having walked for about three and a half months I felt even �tter.
Just bladder and bowel goes easier and, when you walk and move your hips a few times a week, it
[your body] feels more comfortable, that sounds a bit weird, but yes that's what happens." P4female(49)

Social interaction

” So that you can join in. For instance, I hate parties where they have standing tables. It’d be great to
be able to just stand at a table like that. And with a bar stool nearby for support if necessary or to rest
a bit, so that basically you don’t stand out from the crowd. Yes, I think that’s something that would
make this kind of suit [= exoskeleton] very useful.” P7female(30)

“I didn’t want to think about that for a very long time. I told myself that it wasn’t really important to me.
But it’s true that people really like to look at you at eye level. And they suddenly notice you again and
say, hey, wow, I haven’t seen you standing up like this before.” P5female(49)

 

Motives for exoskeleton use
In addition to the purposes of future exoskeleton use, three motives for exoskeleton use were clearly
described in the interviews, namely societal importance, preserving autonomy, and fun. A few participants
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mentioned that for them, a motivation for exoskeleton use was the societal importance for further
development.

P5female(49): “I think it’s something that’s still in its infancy, that needs to be developed further. […]. I think
we should all do our bit to make that happen […] it may actually be something that will be covered by
health insurance in the future. Mainly for people who’ve recently suffered a spinal cord injury, I should
think.”

The use of the exoskeleton was frequently compared to wheelchair use, which is something this
population uses on a daily basis. For example, some participants stressed that they are completely
autonomous with their wheelchair, and that this level of independence is something they also wanted to
pursue with the future exoskeleton, especially during daily activities.

P2female(44): “Independence. I think that's the biggest one. I’m now too dependent on someone else or on
devices, for safety, weight, all the things I can’t do myself, over which I’ve no control now. Yes,
independence. Not needing help with anything. That’s it basically.”

Contrary to wheelchair use, the motive for exoskeleton use was sometimes referred to as ‘for fun’, in
which fun was an end in itself.

P7female(30): “Well.. it has to be fun. That it becomes less therapeutic. Sure, it will never be exactly the
walking you were used to [before the injury], but I do think that it’s very close, that you can just go for a
nice stroll around the block.”

Improvements of exoskeleton
To optimize the future exoskeleton, different improvements were suggested. Experienced exoskeleton
users mentioned that their future exoskeleton is easy to use, small and lightweight, tailor made, safe,
comfortable, less distinctive, durable, and affordable (�gure 2). The most inner circle (i.e., easy to use) of
�gure 2 represents the desired improvement that was relevant for all purposes of use, for all participants.
The circles further to the edge, represent improvements that are more person-dependent or dependent on
the purpose of use. In the next sections, the different suggestions for improvement will be discussed.

First circle: Easy to use
Regardless for which purpose the future exoskeleton will be used, all participants mentioned that the
future exoskeleton should be easier to use. Therefore, participants advised to improve the remote-control
watch, balance, step and speed adjustments, and donning and do�ng of the exoskeleton. Improvements
to the remote-control watch were mentioned most frequently, for instance improving readability in
sunlight and/or changing control options. Suggested control options were via speech or via touch (e.g.,
touching the thigh to walk and touching the bottom to sit down). Some participants suggested to relocate
the control to the crutches, as long as the crutches are needed for balance support. This crutch-control
would preferably include a small screen on which different speeds, step heights and step frequencies
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could be selected. In addition, participants mentioned that keeping balance with the exoskeleton
(especially in stance) required much physical and mental effort. To be able to focus on other things, such
as a conversation or use of kitchen utensils, balance improvements in the future exoskeleton were
desired.

P11male(37): “What’s essential in that suit [= exoskeleton]? What can still be improved? Well, �rst of all, the
balance. Not having to use crutches anymore is the most important thing. […] That you don’t constantly
need to keep your balance; the suit should do that for you. That’s what I think is crucial. Suppose I could
walk the way I am doing now, but could keep my balance without needing crutches. That would
immediately be a real functional improvement.”

Step and speed adjustments were desired so that the exoskeleton could be used more broadly.

P9male(49): “It should have gears, like in a car. Or let’s take a bike as an example. Let’s say you have one,
two, three positions and that the third position is the highest gear. This gear allows you to, for example,
take a big step, or increase your pace. That works perfectly for outdoors. Position two would then be
something just in between. And position one would reduce the length of your steps and their frequency.
Then I think it could be used functionally in a home situation indoors.”

In addition, some participants expressed the wish don and doff the exoskeleton, without needing several
preparations: P10female(52): “You also have to bring something [a stool] on which you put it [the
exoskeleton], to be able to don it there.” and P6female(29). “I don’t want to spend more time putting it on
than that I’m actually using it.”

Second circle: Small, lightweight and tailor made
The improvements in the second circle were mostly related to transporting the exoskeleton and adjusting
the hardware to the body of the user. Participants agreed that they could not lift and transport the
exoskeleton (in a convenient way) by themselves, due to the weight and the physical dimensions.

P8male(28): “But maybe it will make a difference when carrying it to and from the car. If I can move it
myself, for example, in three sections instead of one big awkward lump for which I would need someone
else to help me. […] It wouldn’t be so heavy then. Maybe it’ll save some space. That would make me
independent. I’d be very happy, even if it did take me �ve minutes longer to put it on.”

In addition, participants mentioned that, especially due to the crutches, you need a lot of space. Therefore,
some participants noted that their (wheelchair friendly) house was too cramped for exoskeleton use. A
minority of the participants expressed the desire for an exoskeleton that is exactly tailored to their body,
but can also be adjusted to different people, in case you want to share an exoskeleton.

P7female(30): “Normally you have enough space but now it feels mega small, because with that suit [= 
exoskeleton] and those crutches you’re a bit like a big robot stomping around the house. It’s not very
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pleasant. I hope that in the future they’ll be able to develop suits that are as compact as possible, so that
you can easily use [them] at home. It would be really great if I could do more things standing or walking.”

Third circle: Safe, comfortable and less distinctive
Opinions on improving safety were diverse. Some participants considered the safety of the exoskeleton
as very important and even something that – if not guaranteed – would lead to disuse, while others felt
that using the exoskeleton was safe and the risks were similar to other activities.

P5female(49) “Improvements that would make me use it regularly to move about? Well, most certainly an
emergency stop. […] Suppose getting up doesn’t go well… if you could just press something in your
crutches if things start to go wrong, and you’d be able to get back in the right position and slowly lower it,
so that you go back to base [the sitting position], if I had had those options I think it would have been less
scary for me.”

P4female(49) “In the end there is one thing you don't want and that is falling.”

P9male(49): “Yes, you can fall, but you can also fall over in your wheelchair, you know. There’s no danger of
that. Zero, nil, nothing! It may happen that your crutch slips when you’re walking somewhere and that it
bounces a bit, but so what? If I go handcycling, another road users may not see me and I may get hit by a
car, but that’s a risk I’m willing to take.”

Participants who desired an exoskeleton that could be worn all day, mentioned that it should be
comfortable to wear and that, for example, a battery on your back would be inconvenient in order to sit
comfortably (anywhere).

P11male(37): “It’s just a hassle with that thing. You’re completely constricted, even when sitting. You can’t
really move well in it. So I could sit in the pub in it, but I wouldn’t feel very relaxed.”

Although most participants focused more on the functionality of the exoskeleton, some participants
expressed the wish to make the exoskeleton’s appearance as close to normal as possible, so that they
don’t attract (extra) attention in public situations (e.g., less visible and less noisy).

P1male(27): “That it [the walking pattern] looks natural. So that people don’t think you’re some kind of
robot. I think you could easily do this with the latest software.”

Fourth circle: Affordable and durable
Most participants indicated that the current exoskeletons are too expensive, especially with respect to
what it is currently capable of. Therefore, almost all participants focused on improvements to its
functionality. However, a minority mentioned that not all improvements were necessary and one
participant pointed out that the exoskeleton should have fewer functionalities, so that it could be
marketed cheaper and become accessible to a larger group.
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P1male(27): “I think you �rst need to focus on affordability and, of course, functionality, particularly if you
want to stimulate further development. After all, it’s a very speci�c target group.”

In addition, only a few participants mentioned improvements about the durability of the exoskeleton.

P13male(25) “Then [to be able to walk in the rain] you need to make it waterproof. So, for example, the
bearings need to be well sealed, and you need to use corrosion-resistant material. Like mobile phones. All
mobile phones are water resistant nowadays… So that means a backpack... but that will all drive up the
price.”

Discussion
In this qualitative study, experienced exoskeleton users expressed three future purposes of exoskeleton
use: for exercise, social interaction, and daily activities. Using the current exoskeleton for exercise is
already possible[11, 20, 21] and only a few improvements to make it easier to use were desired for this
purpose. To facilitate social interaction, besides easier to use, the exoskeleton should also be small and
lightweight, tailored to the person, and for some people less distinctive. For the ultimate purpose of future
exoskeleton use, namely during daily activities, the most improvements were needed.

The extent of improvements needed for daily activities varied between participants, possibly re�ecting
participants who kept their answers closer to nowadays reality (i.e., feasible with the current technological
knowledge) and participants who were willing/dared to describe their ultimate future exoskeleton (‘the
sky is the limit’). For instance, improvements to the comfort level varied from improving seating comfort
in a (wheel)chair, to a level where the exoskeleton never has to be taken off again (i.e., a lifetime of 24/7
use, including wearing it in bed and while showering). Although participants who described the ‘sky-is-the-
limit’ exoskeleton may have given unrealistic answers from a designer’s perspective, there is great value
in these answers because they provide insight into what is ultimately pursued. Exoskeleton use during
daily activities was often discussed in the context of participants current, wheelchair-bound, execution of
daily activities. Contrary to wheelchair use, the motive for exoskeleton use was also referred to as ‘for
fun’. Something that will rarely be stated about the wheelchair, which was only considered an assistive
device.

Although we (partly) found similar areas of improvement as previous studies, the relevance and content
of these areas of improvement sometimes differed. A previous survey study concluded that safety,
affordability, ease of use, and comfort were considered the most important areas of improvement[15].
The relevance of improving the ease of use was supported by our �ndings (i.e., inner circle in Fig. 2).
However, the other areas of improvement were more purpose and person dependent, suggesting that they
were considered less relevant. Especially for safety, the relatively low relevance of improvement was not
expected from both a clinical and a design perspective. In addition, the content within an area of
improvement sometimes differed with previous �ndings. For example, the current study revealed speci�c
improvements to the remote control watch (e.g., readability), to make the exoskeleton easier to use,
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instead of the earlier reported improvements to the comprehensive concept of ‘ease of use’ of the
exoskeleton.[15] In addition, being able to adjust the speed (i.e., accelerate and decelerate) while using the
exoskeleton in various situations was desired, instead of maximizing the speed of the exoskeleton itself.
[12, 14, 15] Also a reduction in the number of preparations needed before exoskeleton use (e.g., placing
the exoskeleton on a stool) was desired, whereas, once these preparations were made, donning and
do�ng the exoskeleton was not an issue. These detailed, yet very important, improvements have hardly
been discussed in previous studies.

The discrepancy compared to previous studies could be attributed to the distinct enrolled (patient)
populations. The suggested improvements in previous studies are from researchers and individuals who
have not used the exoskeleton.[12–16] Only people with exoskeleton experience (outside the clinical
setting) will be able to mention detailed, yet very important, improvements for home and community use
(such as to the remote control watch). In addition, all participants involved in this study can be seen as
‘early adopters’, meaning that they were already willing to use these not (yet) fully developed
exoskeletons. However, it is important to keep in mind that the (needs and) requirements of these early
adopters, may differ from the ultimate target group of the exoskeleton (i.e., the general SCI population).
Nevertheless, also in these early adopters, multiple improvements were mentioned before the technology
will become mainstream for a larger population.

Strengths and limitations
A strength of the current study is that almost the entire population of Dutch people with a complete SCI
who used an exoskeleton in the home and in the community setting were interviewed and that data
saturation was met. However, the community exoskeleton use was relatively long ago for some
participants, which could have led to recall bias. To recall memories, and, thus, minimize the recall bias, a
video of the participants own ReWalk™ exoskeleton use was shown prior to the interview. Although
participants in the current study were particularly experienced with the ReWalk™ exoskeleton, we expect
that the purposes of use, areas of improvement and, to a large extent, the relevance of the improvements
are generalisable to other wearable exoskeletons that rely on upper extremity support. Caution apply to
the remote control watch and the ‘small and lightweight’-suggestion is advised, because these aspects
differ between the most commonly used exoskeletons (i.e. ReWalk™, Indego®, and Ekso bionics™).[22–
24]

Conclusions
Experienced exoskeleton users expressed three future purposes of exoskeleton use: for daily activities,
exercise, and social interaction. Increasingly more advanced improvements of future exoskeletons are
needed to transition from an exercise purpose, to social interaction, and ultimately use during daily
activities. In the current study, detailed suggestions for improvements from experienced exoskeleton
users have been made. Only when multiple of these suggestions are adjusted, the exoskeleton can be
used to its full potential.
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Figure 1

A short version of the interview guide.

Figure 2



Page 16/16

Exoskeleton improvements. Darker shades circles are relevant for all purposes of use and for all
participants, whereas lighter shades circles are more person-dependent and dependent of the purpose of
use.


