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Featured Application: The present work has potential applications in the field of exoskeleton-
based rehabilitation, within which it may contribute to the development of guidelines and ana-
lytical tools for exoskeletons’ usability and cognitive workload.

Abstract: Robotic exoskeleton technologies are applied in the medical field to help patients with
impaired mobility to recover their motor functions. Relevant literature shows that usability and
cognitive workload may influence the patients’ likelihood to benefit from the use of rehabilitative
exoskeletons. Following the PRISMA method, the present study aimed to systematically review the
assessment methods of usability and cognitive workload in the use of exoskeletal devices for motor
rehabilitation. The literature search was conducted in the Scopus and Web of Science bibliographical
databases, using 16 keywords that were combined into one search query. A final sample of 23 articles
was included in the review, from which 18 distinct assessment methods were identified. Of them,
15 aimed to assess usability, whereas 3 aimed to assess cognitive workload in the use of rehabilitative
exoskeletons. Some of the identified methods (e.g., SUS, QUEST, SWAT, and NASA-TLX) showed
good psychometric properties and were therefore proven to be appropriate to assess usability and
cognitive workload while performing exoskeleton-based rehabilitation. The current study may
contribute to the development of guidelines and analytical tools for exoskeletons’ usability and
exoskeleton-related patients’ cognitive workload in the domain of medical rehabilitation.

Keywords: exoskeletons; rehabilitation; usability; cognitive workload; assessment

1. Introduction

Robotic exoskeletons are wearable devices intended to augment or enhance the physi-
cal capabilities of human subjects—both able-bodied persons and persons with impaired
mobility [1]. Recently, medical exoskeletons emerged as a useful option to, on the one
hand, facilitate the recovery of a patient’s functioning to the level before the injury and,
on the other hand, alleviate some of the physical demands associated with traditional
motor rehabilitation [2]. From the users’ perspective, it is possible for an exoskeleton to
measure quantitative data to evaluate the patient’s condition and residual mobility [3],
which then allows for the design of tailored training programs fostering motor recovery [4].
From the operators’ perspective, according to Lo and Xie [3], as exoskeletons can mimic
the dynamics of human limbs, they may allow for the treatment of patients without the
presence of the therapist, enabling more frequent treatment, providing higher quality care,
and potentially reducing costs.

Despite the numerous advantages described above, exoskeleton-based rehabilitation
is not successful per se. Several factors concur to the patients’ likelihood to benefit from
the use of rehabilitative exoskeletons. Among others, the relevant literature suggests that
usability and cognitive workload be of primary importance [5,6]. Therefore, to remove
potential obstacles and maximize the motor training’s success, it is crucial to assess the
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usability of the device and the patient’s cognitive workload while performing this type
of robotic rehabilitation. For this task to be accomplished properly, reliable methods are
needed, and knowledge about such methods would be beneficial. On this basis, the present
study aimed to focus on usability and cognitive workload in the use of rehabilitative ex-
oskeletons, and particularly on the methods that can be deployed to assess these influential
dimensions.

1.1. Usability in the Use of Rehabilitative Exoskeletons

Usability can be defined as the extent to which products can be used by specified
users to achieve specified goals with effectiveness, efficiency, and satisfaction in a specified
context of use [7]. A broader definition of usability [8] may include the user’s experience
of the quality of the product or system. Usability is a critical goal for systems’ design, as
it pertains to how successfully users can achieve their goals in an acceptable amount of
time and if they are satisfied with the experience. Specifically, improving the usability of
rehabilitative exoskeletons may result in a better user experience [5], that is, the way a
person feels about using a product in a specific context of use, and how these feelings shape
the image of oneself when utilizing a device [9]. Rehabilitation technology abandonment
by end-users is a well-documented phenomenon [10]; however, enhancing the usability of
an exoskeleton may promote the patient’s intention to continue motor training.

Usability assessments are performed to identify, and possibly resolve, potential diffi-
culties that are encountered during the use of a given product. According to Dumas and
Salzman [11], usability assessment methods can be distinguished into four categories, all
displaying pros and cons, namely: (1) usability inspections; (2) usability testing; (3) surveys,
interviews, and focus groups; and (4) field methods. First, usability inspections entail
the use of guidelines and checklists by expert analysts to assess the usability of a system,
as well as the tasks that are performed while utilizing it; although this method benefits
from experts’ knowledge and experience, and requires relatively little time and resources,
and the experts’ evaluations may not always reflect the actual end-users’ experience [11].
Second, usability testing aims to empirically detect the strengths and weaknesses of a
system’s usability, as well as to measure and compare the usability of different systems [12];
this method entails the participation of a sample of end-users, who are instructed to per-
form typical or critical tasks for the correct use of the system; although usability testing
implies the direct involvement of end-users, it requires large resources, and its scope could
be limited by the number of evaluated tasks. Third, surveys, interviews, and focus groups
allow for directly assessing the end-users’ experience; specifically, surveys are used to
gather information from a large sample of users, whereas interviews and focus groups are
directed towards deeper analyses among a smaller number of people; although surveys,
interviews, and focus groups allow for informative and often inexpensive assessments
of usability, these methods require larger sample sizes to achieve satisfactory levels of
reliability [11]. Lastly, field methods constitute a set of techniques that aim to evaluate users’
interactions with a system within real-world settings; field studies can be tailored to a
wide variety of assessment objectives and can adopt both single-evaluation or longitudinal
designs, enabling professionals to assess usability based on the users’ actual, rather than
reported, behaviors, albeit requiring larger resources than other methods.

Usability assessment methods’ adoption cannot be fully comprehended if devoid
of context [13]. As there are currently no clear and specific guidelines and analytical
tools for assessing the usability of rehabilitative exoskeletons [14], a systematic review of
the available literature pointing out the psychometric properties of usability assessment
methods in the use context of exoskeleton-based rehabilitation might be needed. This is
what the present study aimed to provide; thus, it may be considered as a first step towards
filling this gap in both current knowledge and practice.
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1.2. Cognitive Workload in the Use of Rehabilitative Exoskeletons

Cognitive workload can be defined as the level of attentional resources required to
meet both objective and subjective performance criteria, which may be mediated by task
demands, external support, and experience [15]. In this definition, attentional resources are
thought to have a finite capacity and may be allocated to one or more tasks. Regarding the
use of rehabilitative exoskeletons, the patient’s cognitive workload should be managed
properly for the correct use of the device, which should not be too cognitively taxing.
This has implications in terms of both the design and implementation of such medical
robotic technologies, whose beneficial effect could be significantly undermined should the
task of using them pose too many cognitive demands to the patient.

A wide variety of methods are deployed to assess cognitive workload, which is crucial
during the entire design and life cycle of complex systems, such as exoskeletons [16].
The most common assessment methods of cognitive workload could be distinguished into
three categories, according to whether they measure primary and secondary task perfor-
mance, physiological parameters, or subjective reports [17]. Assuming that an individual’s
performance varies based on the task’s cognitive demands, primary task performance mea-
sures assess an individual’s ability to perform a specific task at an acceptable level, that is,
with a reasonably low number of errors [17]; conversely, secondary task performance mea-
sures assess an individual’s capacity to perform an additional secondary task, assuming
that, in any dual-task situation whereby one task is prioritized over the other, the secondary
task’s performance closely relates to the portion of the individual’s mental resources that
are not required by the primary task, so that an increase in cognitive workload hinders
the performance of the secondary task [17]. Physiological measures of cognitive workload
entail the assessment of the physiological variables that may be influenced by the increase
or decrease of an individual’s cognitive load. For instance, heart rate, blood pressure, facial
muscle activation, and brain activity are indicators of the individual’s cognitive workload
variations [17]. Physiological measures of cognitive workload do not require additional
mental demands and are applicable in field settings rather than solely in simulations of task
executions [16]. Lastly, subjective reports of cognitive workload consist of either qualitative
or quantitative ratings provided by individuals about their perceived cognitive workload
while executing a task; this method is appealing because it can be deployed easily, quickly,
and at a relatively low cost; nevertheless, subjective reports do not always correlate with
objective measures of cognitive workload [18].

The quality of information provided by a method depends on its psychometric
properties in a specific context of use [19]. Thus, a systematic literature review might
also be needed regarding the assessment methods of cognitive workload in the use of
rehabilitative exoskeletons.

1.3. Aim of the Study

The present study aimed to systematically review the assessment methods of usability
and cognitive workload in the use of rehabilitative exoskeletons. Specifically, the following
two research questions and four sub-questions were inspired by a preliminary, unstruc-
tured, and exploratory review of the literature aimed to gather a broad understanding of
usability and cognitive workload in the use of rehabilitative exoskeletons.

RQ1: “Which methods are deployed to assess the usability of rehabilitative
exoskeletons?”; RQ1a: “How can usability assessment methods be categorized,
in terms of the deployed type of measure?”; RQ1b: “What are the psychometric
properties (i.e., validity and reliability) of the identified usability assessment
methods?”.

RQ2: “Which methods are deployed to assess cognitive workload in the use of
rehabilitative exoskeletons?”; RQ2a: “How can cognitive workload assessment
methods be categorized, in terms of the deployed type of measure?”; RQ2b:
“What are the psychometric properties (i.e., validity and reliability) of the identi-
fied cognitive workload assessment methods?”.



Appl. Sci. 2021, 11, 7146 4 of 20

2. Materials and Methods

For the development and reporting of the present study, we followed the Preferred
Reporting Items for Systematic Review and Meta-Analysis (PRISMA) protocol [20].

2.1. Keywords and Search Query

Based on the frequency of their occurrence as keywords in the preliminary literature
review, we identified five main keywords to operationalize the research questions of the
systematic literature review, namely “exoskeleton” (i.e., 100% of the time), “rehabilitation”
(i.e., 77% of the time), “usability” (i.e., 36% of the time), “evaluation” (32% of the time), and
“cognitive workload” (i.e., 27% of the time). After considering potential synonyms and
different spellings, we obtained a total of 16 keywords, such as “exoskelet*”, “rehabilitat*”,
“medical”, “assist*”, “usab*”, “cognitiv* *load*”, “mental *load*”, “evaluat*”, “assess*”,
“method*”, “tool*”, “instrument*”, “checklist*”, “questionnaire*”, “index*”, and “indices”.

The final keywords were combined with the use of Boolean operators (i.e., AND, OR)
to produce one single search query, as follows: (“exoskelet*”) AND (“rehabilitat*” OR
“medical” OR “assist*”) AND (“usab*” OR “cognitiv* *load*” OR “mental *load*”) AND
(“evaluat*” OR “assess*” OR “method*” OR “tool*” OR “instrument*” OR “checklist*” OR
“questionnaire*” OR “index*” OR “indices”).

2.2. Bibliographical Databases

The defined search query was inserted both in Scopus and Web of Science (WoS),
which we selected as the bibliographical databases as they have been reported to ensure
good multidisciplinary coverage in high-quality peer-reviewed articles [21]. As for the
search fields, we selected “TITLE-ABS-KEY” in Scopus and “TOPIC” (i.e., title, abstract,
and keywords) in WoS. To maximize the sensitivity of the search process and prevent the
exclusion of potentially relevant articles from diverse disciplines (e.g., human factors and
ergonomics, medicine, and engineering), the timespan and subject were not restricted.
The document type was restricted to articles and reviews in both databases.

2.3. Inclusion and Exclusion Criteria

Inclusion criteria were established to determine the eligibility of the gathered articles
against our research questions. Articles had to satisfy the following criteria: (a) study
participants are either patients following a robotic exoskeleton-based motor rehabilitation
training program or informative healthy subjects such as subject-matter experts (SMEs)
in the field of exoskeleton-type systems for rehabilitative purposes; (b) the study entails
the measurement of usability and/or cognitive workload in the use of a rehabilitative
exoskeleton, although the explicit assessment of them does not need to be the primary
study purpose; (c) the study may adopt a meta-analysis, systematic review, experimental,
quasi-experimental, correlational, and case study design; and (d) the study is written
in English.

Exclusion criteria were established to determine the omission of the gathered articles
due to their irrelevance in terms of answering our research questions. We excluded articles
showing at least one of the following characteristics: (a) study participants are under the age
of 18; (b) the study focuses on exoskeletons that have purposes different from rehabilitation
(e.g., industrial or military); (c) the study consists of either a narrative discussion or an
unstructured literature review; (d) the full-text article is not retrievable; and (e) the study is
not even partially consistent with the objectives of the present study.

2.4. Framework for Critical Appraisal of Retrieved Assessment Methods

According to our research questions, we aimed to review the psychometric properties
as well as some other practical aspects of the assessment methods of usability and cognitive
workload in the use of rehabilitative exoskeletons. To our knowledge, no specific tool
is currently available for the analysis of the psychometric properties of the assessment
methods of usability and cognitive workload in the use of rehabilitative exoskeletons.
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Therefore, we adapted the checklist originally developed by Francis and colleagues [22]
to our purposes. Six general appraisal criteria are included in the checklist, namely:
(a) conceptual model, that is, the description of and the rationale for the constructs that
an instrument intends to measure, as well as the population to which the instrument
is targeted; (b) content validity, that is, the degree to which an instrument’s items and
subscales are relevant to measure the intended construct; (c) reliability, that is, the degree
to which an instrument avoids random measurement errors; (d) construct validity, that
is, the degree to which an instrument measures the construct it is intended to; (e) scoring
and interpretation, that is, the process of assigning a score to the corresponding item
and interpreting its meaning; and (f) respondent burden and presentation, that is, the
time, effort, and other demands required from responders for the completion of a test.
These criteria were translated into 18 dichotomous items that indicate whether the criteria
were or were not met by the instrument, each corresponding to a score of either 0 or 1,
whereby the former reflects the absence and the latter the presence of a criterion.

In the adaptation process from Francis and colleagues [22], we removed one item that
we deemed not to be appropriate for our purposes. The modified version of the checklist is
presented in Table 1.

Table 1. Checklist for the critical appraisal of retrieved assessment methods 1.

A. Conceptual Model

1. Has the construct of usability/cognitive workload been specifically defined?
2. Has the intended respondent population been described?
3. Does the instrument’s conceptual model address whether a single construct/scale or multiple subscales are expected?

B. Content Validity

4. Is there evidence that members of the targeted respondent population were involved in the instrument’s development?
5. Is there evidence that content experts were involved in the instrument’s development?
6. Is there a description of the methodology by which items/questions were determined (e.g., focus groups and interviews)?

C. Reliability

7. Is there evidence that the instrument’s reliability was tested (e.g., test–retest and internal consistency)?
8. Are the reported indices of reliability adequate (e.g., ideal: r ≥ 0.80; adequate: r ≥ 0.70) or otherwise justified?

D. Construct Validity

9. Is there reported quantitative justification that single or multiple subscales exist in the instrument (e.g., factor analysis or item
response theory)?
10. Is the instrument intended to measure change over time? If YES, is there evidence of both test–retest reliability AND
responsiveness to change? Otherwise, award 1 point if there is an explicit statement that the instrument is NOT intended to
measure change over time.
11. Are there findings supporting expected associations with existing instruments or with other relevant data?

E. Scoring and Interpretation

12. Is there documentation regarding how to score the instrument (e.g., a scoring method such as summing or an algorithm)?
13. Has a plan for managing and/or interpreting missing responses been described (i.e., how to score incomplete surveys)?
14. Is information provided about how to interpret the instrument’s scores (e.g., scaling/anchors and what high and low scores
represent) and/or normative data?

F. Respondent Burden and Presentation

15. Is the time to complete reported and reasonable? OR, if it is NOT reported, is the number of questions appropriate for the
intended application?
16. Is there a description of the literacy level required by the instrument?
17. Is the entire instrument available for public viewing (e.g., published with the citation or information provided about how to
access a copy)?

1 The checklist is adapted from Francis and colleagues [22] for the purposes of the present study.
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2.5. Data Extraction

All articles that were deemed eligible for full-text review against our search criteria
underwent careful examination by two reviewers (L.M.A.L.B. and L.M.). The relevant
characteristics of the selected studies were extracted and represented on a spreadsheet,
such as the definition of the targeted construct (i.e., usability and/or cognitive workload) if
present, the deployed assessment method, whether it was a qualitative versus quantitative
and objective versus subjective method, the number of subscales in the case of a question-
naire, the number of participants involved in the study, and the measures of validity and
reliability if any. Extracted data are shown in Appendix A.

3. Results

Figure 1 shows the process and results of our search strategy. The search was per-
formed on Tuesday, 5 May 2020, and yielded 115 initial articles, of which 63 were from
Scopus and 52 from WoS. After removing 40 duplicates, we obtained 75 unique articles
that were screened against the inclusion and exclusion criteria. Two articles were excluded
as the study participants were under the age of 18; 12 articles were excluded as the study
focused on exoskeletons that have purposes different from rehabilitation (e.g., industrial or
military); 3 articles were excluded as they did not entail the evaluation of an exoskeleton;
1 article was excluded as the full text was not retrievable; and 34 articles were excluded as
the study was not even partially consistent with our objectives. This process left a final sam-
ple of 23 articles that were included in the review. Of them, 21 articles reported information
about assessment methods of usability in the use of rehabilitative exoskeletons, whereas the
remaining two reported information about the assessment methods of cognitive workload
within the same context of the use of the same robotic wearable device.

Figure 1. Process and results of the search strategy deployed in the current study.

3.1. Assessment Methods of Usability in the Use of Rehabilitative Exoskeletons

We retrieved 15 assessment methods of usability in the use of rehabilitative exoskele-
tons. Of these, eight deployed quantitative and subjective measurements, four deployed
qualitative and subjective measurements, two deployed quantitative and objective types
of measurement, and one deployed a mixed type of measurement. These methods are
described in detail within the following subsections.
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3.1.1. Quantitative and Subjective Assessment Methods of Usability in the Use of
Rehabilitative Exoskeletons

Quantitative and subjective assessment methods are those providing a measurement
in the form of an amount or count and relying on individuals’ judgments [23].

System Usability Scale (SUS). Reported by seven of the selected studies [24–30], this
popular and well-accredited instrument was deployed to conduct quick evaluations of
usability with users of a broad range of technological devices and interactive systems.
It consists of a 10-item unidimensional psychometric questionnaire that is answered on
a 5-point Likert-type scale. The SUS is frequently reported by quantitative evidence
(e.g., factor analysis) to show good values of validity and reliability indices, such as
construct validity and Cronbach’s α. On this basis, this method was assigned a score of
13 out of 17 in our critical appraisal checklist.

Ad hoc questionnaires. Reported by six of the selected studies [30–35], this type of
instrument was most often reported without any evaluation of the dimensionality nor
validity nor reliability, as well as with any description of scoring procedures. Therefore, this
method was assigned a mean score of 5 out of 17 in our critical appraisal checklist.

Quebec User Evaluation of Satisfaction with assistive Technology 2.0 (QUEST 2.0). Reported
by five of the selected studies [27,29,36–38], this instrument was deployed to evaluate
how users of assistive technologies are satisfied with such devices. It consists of a 12-item
bidimensional psychometric questionnaire that is answered on a five-point Likert-type scale.
Its dimensions are device (i.e., eight items assessing dimensions/size, weight, adjustments,
safety, durability, simplicity of use, comfort, and effectiveness) and service (i.e., four items
assessing service delivery, repairs and service of the device, professionalism of the device,
and follow-up service), and have been established through statistical techniques such as
factor analysis and nomological relatedness. QUEST 2.0 is reported to show good values
of validity and reliability indices, such as interclass correlation coefficient (ICC) for the
instrument’s test-retest and Cronbach’s α. On this basis, this method was assigned a score
of 11 out of 17 in our critical appraisal checklist.

Visual Analog Scale (VAS). Reported by two of the selected studies [33,35], this instru-
ment was originally developed to evaluate individuals’ subjective responses to pain, and
can be used to perform usability assessment while using rehabilitative robotic exoskeletons.
It consists of one item that is answered on a 10-point Likert-type scale that allows for rating
the degree of perceived pain as “no pain” (i.e., 0), “mild” (i.e., from 1 to 3), “moderate”
and “severe” (i.e., from 4 to 6), “very severe” (i.e., from 7 to 9), and “worst pain possible”
(i.e., 10). The scale is usually graphically complemented by the presence of colored emotion
icons, of which the green and smiling ones indicate less pain, whereas the red and suffering
ones indicate more pain. Generally, the VAS is reported with no values of psychometric
properties. So, this method was assigned a score of 4 out of 17 in our critical appraisal
checklist.

AttrakDiff. Reported by one of the selected studies [28], this instrument was used
to assess the perceived qualities of a given interactive system. It consists of a 28-item
three-dimensional psychometric questionnaire that is answered on a 7-point Likert-type
scale. Its dimensions are pragmatic quality, hedonic quality, and attractiveness. Whereas
AttrakDiff is reported to show good values of Cronbach’s α as an indicator of reliability, it
lacks evidence of validity. On this basis, this method was assigned a score of 10 out of 17 in
our critical appraisal checklist.

Self-Assessment Manikin (SAM). Reported by one of the selected studies [38], this
instrument was deployed to assess the individuals’ emotional response to a stimulus, such
as using an upper-limb robotic exoskeleton for motor rehabilitation purposes. It consists of
three graphical items allowing users to rate pleasure (i.e., from “happy” to “unhappy”),
arousal (i.e., from “excited” to “calm”), and dominance (i.e., from “controlled” to “in
control”) on a nine-point scale. Whereas SAM is reported to show good content validity
and acceptable respondent burden, it lacks evidence of reliability, and descriptions of
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scoring procedures are not provided. Thus, this method was assigned a score of 11 out of
17 in our critical appraisal checklist.

Heuristic evaluation. Reported by one of the selected studies [31], this instrument was
deployed with a hand robotic exoskeleton for rehabilitation. It consists of a set of up to
29 open-ended questions that are answered by SMEs. While providing a clear definition
of its target population, the instrument lacks evidence of both validity and reliability.
Therefore, this method was assigned a score of 2 out of 17 in our critical appraisal checklist.

Perceived Rate of Exertion (PRE). Reported by one of the selected studies [35], this
instrument was deployed to perform assessments of individuals’ physical effort, such as in
the case of using a wearable robotic exoskeleton for motor rehabilitation of the upper limbs.
It consists of one item used to rate the perceived physical effort on a 10-point Likert-type
scale, where one corresponds to “very light activity”, two and three correspond to “light
activity”, four to six correspond to “moderate activity”, seven and eight correspond to
“vigorous activity”, nine corresponds to “very hard activity”, and ten corresponds to “max
effort activity”. While PRE is reported to show a very good reliability, it lacks evidence of
content and construct validity, as well as a clear definition of its underlying conceptual
model and a description of the scoring procedures. On this basis, this method was assigned
a score of 7 out of 17 in our critical appraisal checklist.

3.1.2. Qualitative and Subjective Assessment Methods of Usability in the Use of
Rehabilitative Exoskeletons

Qualitative and subjective assessment methods are those used to collect data in the
form of words, sentences, or descriptions of a phenomenon, and relying on individuals’
judgments [23].

Observation. Reported by two of the selected studies [39,40], unstructured observa-
tions were conducted to assess the usability of two different rehabilitative exoskeletons.
The articles examined included a description of both the target population and the scoring
procedure. In addition, SMEs were involved in the design of observations. However, no
evidence for validity nor reliability was reported. On this basis, this method was assigned
a score of 3 out of 17 in our critical appraisal checklist.

Focus group. Reported by one of the selected studies [41], this method was deployed
to detect potential usability issues in a lower-limb rehabilitative exoskeleton. No evidence
for construct validity nor reliability was reported. However, a semi-structured facilitator
guide was used to standardize the facilitator’s conduct across the focus groups. On this
basis, this method was assigned a score of 5 out of 17 in our critical appraisal checklist.

Semi-Structured interview. Reported by one of the selected studies [42], this method
was deployed to assess the usability of a lower-limb rehabilitative exoskeleton. It con-
sisted of a semi-structured protocol for individual interviews, divided into three themes
of investigation, such as capabilities, which can be compensated for or improved with
a lower-limb exoskeleton (i.e., behavior capabilities, motor activity capabilities, and pro-
tection and resistance capabilities); life habits, which can be improved with a lower-limb
exoskeleton (i.e., nutrition, personal care, housing, mobility, responsibility, interpersonal
relationships, community life, education, employment, and recreation); and expected tech-
nical characteristics of a lower-limb exoskeleton (i.e., appearance, adjustments, comfort,
cost, dimensions, durability, effectiveness, installation, weight, repairs and servicing, safety,
stigmatization/reaction of others, and usefulness/simplicity of use). The QUEST instru-
ment was used as a reference for the development of the interview protocol. In addition,
the transcribed text data were analyzed through thematic analysis with parallel coding to
mitigate the subjectivity of interpretation. On this basis, this method was assigned a score
of 7 out of 17 in our critical appraisal checklist.

Think-Aloud protocol. Reported by one of the selected studies [25], this method was
deployed to assess the usability of a hand/wrist rehabilitative exoskeleton during the
prototype development of the system. It consisted of the user thinking aloud while
using the robotic device and reporting potentially relevant issues in terms of usability.
The think-aloud protocol lacks evidence of both validity and reliability. However, its
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findings were positively correlated to other methodologies’ results. On this basis, this
method was assigned a score of 6 out of 17 in our critical appraisal checklist.

3.1.3. Quantitative and Objective Assessment Methods of Usability in the Use of
Rehabilitative Exoskeletons

Quantitative and objective assessment methods are those providing a measurement
in the form of an amount or count and intended to measure concrete and observable
phenomena or qualities [23].

Toronto Rehabilitation Institute Hand Function Test (TRI-HFT). Reported by one of the
selected studies [36], this instrument was originally developed to assess the gross motor
function of the hands of patients with motor impairments, and can be deployed to assess
the usability of hand robotic exoskeletons for rehabilitation purposes. The test focuses on
two main dimensions, namely ability to manipulate and grasp strength. The TRI-HFT is
reported to show good values of validity and reliability indices, such as construct validity,
content validity, and inter-rater reliability. On this basis, this method was assigned a score
of 11 out of 17 in our critical appraisal checklist.

Experimental Characterization. Reported by one of the selected studies [43], this method
consists of a procedure that entails the probing and measurement of a system’s properties
and characteristics, and can be deployed to gauge the usability of a rehabilitative exoskele-
ton in terms of the torque and speed of the patients’ movements. No evidence for validity
nor reliability was provided. This method was assigned a score of 6 out of 17 in our critical
appraisal checklist.

3.1.4. Mixed Types of Assessment Methods of Usability in the Use of Rehabilitative
Exoskeletons

Mixed types of assessment methods are those deploying both quantitative and quali-
tative, as well as both objective and subjective, measurements.

Framework of Usability for Robotic Exoskeletal Orthoses (FUREO). Reported by one of the
selected studies [44], FUREO encompasses six modules (i.e., functional applications, per-
sonal factors, device factors, external factors, activities, and health outcomes), each of them
corresponding to a set of metrics and measures to assess the usability of current and/or
future robotic exoskeletal orthoses for medical motor rehabilitation purposes. Functional
applications include community-level mobility, household-level mobility, exercise, and
ambulation training. Personal factors are, for instance, fit within device, muscle excitability,
trunk stability, neurologic level of injury and severity, and spasticity. Device factors entail,
among other elements, noise level, step/stair climbing capability, type of controllers, speed,
user interface, battery, size, weight, durability, ease of maintenance, and need for trained
assistance. External factors correspond to regulatory approval, cost, availability of device,
training, and repair service. Activities include ease and time for donning/doffing, transfers,
ascending and descending, reaching, and carrying objects, and running. Finally, health
outcomes are bone density, cardiovascular fitness, cholesterol, body composition, glucose
intolerance, pressure ulcers, bowel function, depression, mood, pain, fatigue, and sleep.
Despite its complexity and comprehensiveness, despite a clear definition of both the con-
struct of usability and its target population (i.e., persons with neurologic conditions such
as spinal cord injury, stroke, and multiple sclerosis), and despite a thorough description
of the expected subscales of the instrument, to our knowledge, FUREO has never been
applied nor deployed. As such, it remains a purely theoretical framework that lacks, at
present, any evidence for validity and reliability. On this basis, this method was assigned a
score of 3 out of 17 in our critical appraisal checklist.

3.2. Assessment Methods of Cognitive Workload in the Use of Rehabilitative Exoskeletons

We retrieved three assessment methods of cognitive workload in the use of rehabilita-
tive exoskeletons. Of these, two deploy quantitative and subjective measurements, and one
deploys quantitative and objective types of measurement. These methods are described in
detail within the following subsections.
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3.2.1. Quantitative and Subjective Assessment Methods of Cognitive Workload in the Use
of Rehabilitative Exoskeletons

Subjective Workload Assessment Technique (SWAT). Reported by one of the selected
studies [45], this instrument enables assessing cognitive workload during the use of a
rehabilitative exoskeleton. It consists of three multiple-choice items for rating time load,
mental effort load, and psychological stress load. SWAT has been reported with a clear
definition of its underlying conceptual model, as well as with good values of validity and
reliability indices, such as content validity, construct validity, and Cronbach’s α. On this
basis, this method was assigned a score of 14 out of 17 in our critical appraisal checklist.

NASA-Task Load Index (NASA-TLX). Reported by one of the selected studies [45], this
popular and well-accredited instrument was deployed to evaluate individuals’ perceptions
of task-related workload and can be used to gauge the cognitive workload experienced by
users of rehabilitative exoskeletons while performing the task of using such robotic devices.
It consists of six items for rating mental demand, physical demand, temporal demand,
performance, effort, and frustration on a 10-point Likert-type scale. NASA-TLX has been
reported with a clear definition of its underlying conceptual model, as well as with good
values of validity and reliability indices, such as content validity, construct validity, and
Cronbach’s α. On this basis, this method was assigned a score of 14 out of 17 in our critical
appraisal checklist.

3.2.2. Quantitative and Objective Assessment Methods of Cognitive Workload in the Use
of Rehabilitative Exoskeletons

Event-Related Potential (ERPs). Reported by one of the selected studies [46], amplitude
analysis of ERPs corresponds to an electroencephalography-based measurement of peaks
in the brain activity and, as such, can be deployed to assess the cognitive workload of
exoskeleton users while performing rehabilitative exercises. This technique has been
reported with good construct validity and content validity, but no evidence for reliability
was provided. On this basis, this method was assigned a score of 9 out of 17 in our critical
appraisal checklist.

3.3. Critical Appraisal of Retrieved Assessment Methods

Figure 2 shows the results of applying our framework for the critical appraisal of
the retrieved assessment methods of usability and cognitive workload in the use of re-
habilitative exoskeletons. Among the methods aiming to assess usability, SUS resulted
in the one with the highest score (i.e., 13), whereas heuristic evaluation resulted in the
one with the lowest score assigned (i.e., 2). Among the methods aiming to assess cogni-
tive workload, SWAT and NASA-TLX equally resulted as the ones with the highest score
(i.e., 14), whereas ERP amplitude analysis resulted in the one with the lowest score as-
signed (i.e., 9). Nevertheless, a couple of other noteworthy methods obtained relatively
high scores, such as QUEST and AttrakDiff, scoring 11 and 10, respectively. None of the
retrieved methods were assigned the maximum total score of 17 possible in the adopted
checklist, while only SUS and the TRI-HFT received at least 1 point for each evaluative
dimension.



Appl. Sci. 2021, 11, 7146 11 of 20

Figure 2. Critical appraisal of the retrieved assessment methods of usability and cognitive workload in the use of rehabilita-
tive exoskeletons based on the adaptation of the checklist from Francis and colleagues [22].

4. Discussion

In the present study, we systematically reviewed the assessment methods of usability
and cognitive workload in the use of rehabilitative exoskeletons.

To answer RQ1, we retrieved the methods that were deployed to assess the usability
of rehabilitative exoskeletons. Specifically, we categorized usability assessment methods
in terms of the deployed type of measure (RQ1a) and investigated their psychometric
properties (RQ1b). We were able to retrieve mostly quantitative and subjective assessment
methods, as well as qualitative and subjective ones. These methods most often consist
of questionnaires and interviews, for both individuals and groups. This finding may be
thought of as reflecting the need for researchers to take advantage of usually inexpensive
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methodologies in order to conduct usability assessments of rehabilitative exoskeletons
whereby end-users are directly involved in providing informed feedback [11]. On the
one hand, quantitative methods allow for standardized evaluations of a rehabilitative
exoskeleton’s overall usability, thus being more straightforward and less ambiguous when
it comes to the interpretation, comparability, and generalizability of results across differ-
ent experiments. On the other hand, qualitative methods may offer deeper insights into
potential issues that might foster or hinder the usability of a rehabilitative exoskeleton,
thus providing researchers with valuable information regarding specific usability issues
encountered by participants while using the wearable robotic device during some rehabili-
tation exercise; in turn, this may enable an easier resolution of problems and may reveal
especially important information during the early phases of a rehabilitative exoskeleton’s
development. It is reasonable to expect the validity and reliability of qualitative methods
(i.e., interviews and focus groups) to be affected by the facilitators’ ability to conduct the
discussion with the interviewees or to manage a smooth interaction between participants.
In addition, the lack of a clearly defined conceptual model and an obscure description of
the methodological procedure may render qualitative methods less effective. Neverthe-
less, these issues can apply to quantitative methods too. Considering all of the above, it
can be concluded that quantitative and qualitative methods should not be considered as
competing nor as being mutually exclusive. Rather, these two types of measurements can
be integrated and can complement each other to compensate for each other’s limitations
and maximize each other’s pros.

Among the retrieved methods that were deployed to assess the usability of rehabilita-
tive exoskeletons, SUS, QUEST, and AttrakDiff showed the best psychometric properties
and therefore proved appropriate to assess usability while performing robotic exoskeleton-
based motor rehabilitation. The only notable caveat about SUS concerns the fourth item
of the questionnaire, namely “I think that I would need the support of a technical person
to be able to use this system”. As exoskeleton-based rehabilitation requires a therapist’s
assistance throughout the exercises’ performance, the final score for this item may not nec-
essarily reflect the actual usability of the exoskeletal device. This conclusion is supported
by findings by Tsai and colleagues [30], who reported high internal consistency values as
an indicator of the reliability of SUS, except for item 4, thus suggesting the presence of a
low correlation between this item’s score and the total score of SUS. Regarding QUEST,
it aims to also evaluate other dimensions of satisfaction with the use of a given rehabil-
itative exoskeleton that are not directly related to usability, such as safety, size, comfort,
weight, and durability. Therefore, the adoption of this method may lead to a criterion
contamination problem, whereby the actual criterion (i.e., the parameter that is used to
measure a construct) includes variables it should not, ultimately leading to measurement
errors. Moreover, QUEST overlooks some sub-dimensions of usability (e.g., learnability
and efficiency) that may be informative for both research and practice purposes. There-
fore, it can be concluded that QUEST may provide researchers with valid and reliable
assessments of rehabilitative exoskeletons’ usability, although they ought to be aware
of its limitations and cautious against potential measurement errors. In this regard, the
deployment of only its “device” subscale may be advisable, because of its resemblance with
the construct of usability [27,36–38]. Similarly, the conceptual model underlying AttrakDiff
partially encompasses the construct of usability within its “pragmatic quality” subscale,
and the overall method aims to assess the interactive qualities of a rehabilitative exoskele-
ton beyond its mere usability, such as an individual’s emotional response to the use of the
wearable robotic medical device. Again, this may be expected to lead to a criterion con-
tamination problem, as the instrument includes two other sub-dimensions (i.e., “hedonic
quality” and “attractiveness”) that are not strictly representative of the construct of usability.
So, deploying only the “pragmatic quality” subscale may be a potential solution to this
issue, if support for its validity and reliability is provided. Furthermore, an additional nota-
tion is worthwhile regarding two other quantitative and subjective assessment methods of
the usability of rehabilitative exoskeletons, such as VAS and PRE. These instruments aim to
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measure the subjective response to pain and the perceived physical effort in users during
robotic exoskeleton-based rehabilitation exercises, respectively. However, as rehabilitation
itself tends to imply difficult and painful exercises according to the severity of the condition
suffered by patients, the assessments performed via VAS and PRE may not necessarily
reflect the usability of the wearable medical device.

As for objective methods, they constitute a minority among the retrieved assessment
methods of usability in the use of rehabilitative exoskeletons. One major issue with this
type of method is that it does not provide a clear indication of the validity for the usability
construct. Rather, usability was conceptualized as enjoyment, difficulty, and comfort [33];
ease of use [39]; or torque and speed [43]. As the term “usability” is often intended as a
synonym of “feasibility” within the engineering field, the authors of these studies might
have deployed instruments that were consistent with this mental model.

To answer RQ2, we retrieved the methods that were deployed to assess the cognitive
workload associated with the use of rehabilitative exoskeletons. Specifically, we categorized
cognitive workload assessment methods in terms of the deployed type of measure (RQ2a)
and investigated their psychometric properties (RQ2b). Compared with the usability
assessment methods, we were able to retrieve a smaller number of methods. Of them, we
retrieved mostly quantitative and subjective assessment methods. None of the retrieved
assessment methods deployed qualitative types of measurements. Although the limited
number of studies included prevented us from drawing definite conclusions, this result
may be thought to reflect a lack of interest in these methods’ adoption on the part of
researchers. Among the retrieved methods that were deployed to assess the cognitive
workload associated with the use of rehabilitative exoskeletons, SWAT and NASA-TLX
showed the best psychometric properties and were therefore proven to be appropriate to
assess cognitive workload while performing robotic exoskeleton-based motor rehabilitation.
As objective and subjective measures of cognitive workload in the use of rehabilitative
exoskeletons do not strongly correlate with each other [18,46], it is advisable to adopt both
types of methodologies in order to achieve a comprehensive evaluation of the participants’
mental effort.

The results and conclusions of the present study should be considered in light of
some limitations. First, our search strategy might have produced different outcomes if
using additional bibliographical databases, which in turn may have yielded alternative
knowledge and, therefore, led to dissimilar results and conclusions compared with those
hereby achieved. Nevertheless, as the nature of the targeted study topic touches on a broad
range of diverse applied disciplines (e.g., human factors and ergonomics, medicine, and
engineering), we purposely selected Scopus and WoS because of their multidisciplinary
coverage of high-quality peer-reviewed articles [21], while using more specialized sources
of information (e.g., PsychInfo and PubMed) might have yielded too narrowed results.
So, even if this review cannot address a big amount of data, it could be of interest to various
dedicated readers. Second, the results from our critical appraisal of the retrieved assess-
ment methods of usability and cognitive workload in the use of rehabilitative exoskeletons
should be cautiously considered in light of a potential bias, whereby the components
and characteristics of the adopted evaluative framework might appear to be more favor-
able towards quantitative methods compared with the qualitative ones. Nonetheless, the
checklist was revealed to be useful for appraising all of the retrieved assessment methods.
Finally, rehabilitative exoskeletons vary widely in their properties and modes of operation
between upper limbs and lower limbs, as well as those operated completely autonomously
compared with those operated based on the users’ intention. This variety might influence
the selection of usability or cognitive workload assessment methods, as well as the assess-
ment itself, as certain methods may be more suitable to certain properties and modes of
operation, and less suitable to others. Although relevant, this issue was not addressed in
our study. However, it was beyond the scope of the present review, and it may constitute
an interesting direction for future research.
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Despite the above limitations, the present study holds relevant practical implications
about contributing to the development of the currently lacking [14] guidelines and analyti-
cal tools for exoskeletons’ usability and exoskeleton-related patients’ cognitive workload in
the domain of medical rehabilitation. The results may inform the design of benchmarking
protocols [47] for rehabilitative exoskeletons, thus enabling the assessment of exoskele-
tons’ performance and characteristics at different developmental stages, by adopting valid
and reliable assessment methods. In addition, the assessment methods that have been
reported to show good psychometric properties may be regarded as valuable resources to
guide both the development and implementation of rehabilitative exoskeletons in medical
settings. Particularly, these methods may prove useful in the context of user-centered
design processes, whereby measures of usability and cognitive workload might be used to
identify users’ requirements and to implement appropriate solutions within the system’s
design [10].

5. Conclusions

Robotic exoskeletons are deployed in the medical field to help patients with impaired
mobility to recover their motor functions. Usability and cognitive workload may influ-
ence the patients’ likelihood to benefit from the use of rehabilitative exoskeletons [5,6].
To remove potential obstacles and maximize the motor training’s success, both researchers
and practitioners would benefit from the use of valid and reliable methods to assess us-
ability and cognitive workload associated with performing rehabilitation exercises while
wearing an exoskeletal device. For this assessment task to be accomplished properly, SUS,
QUEST, and AttrakDiff (i.e., usability), as well as SWAT and NASA-TLX (i.e., cognitive
workload), may prove suitable.
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Appendix A

Table A1. Data extracted from the literature search.

Reference Construct Methods Measure Type Dimensions Items Participants Psychometrics Comments

Almenara et al.
(2017) [31] Usability

A. Heuristic
evaluation and

questionnaire for
SMEs; B.

Questionnaire for
end-users. Both

administered at T0
and one-year

follow-up

Qualitative,
subjective for both 1 for both

A. 21 (open-ended)
at T0, 29 at

follow-up; B. 13
(6-point Likert) at
T0, 14 at follow-up

37 (28 SMEs and 9
end-users) N/A

Usability testing
for developmental

purposes

Ambrosini et al.
(2019) [24] Usability System Usability Scale

(SUS)
Quantitative,

subjective 1 10 (5-point Likert) 7 N/A N/A

Amirabdollahian
et al. (2014) [25] Usability

A. Think aloud
protocol

(development); B. SUS
(testing)

A. Qualitative,
subjective; B.
Quantitative,

subjective

B. 1 B. 10 (5-point
Likert) 23 (12 completed) N/A

Methods may
differ based on the

phase of
exoskeleton

development

Bortole et al.
(2015) [39] Usability

A. Unstructured
observation; B.

Ratings of ease of use

A. Qualitative,
objective; B.

Quantitative,
subjective

1 for both B. 1 (10-point
Likert) 3 N/A

Usability was
conceptualized as

ease of use

Bryce et al. (2015)
[44] Usability

Framework of
Usability for Robotic
Exoskeletal Orthoses

(FUREO)

Quantitative and
qualitative,

subjective and
objective

6 (applications,
personal, device,
external factors,
activities, and

health outcomes)

N/A N/A N/A N/A

Casey et al. (2019)
[26] Usability SUS Quantitative,

subjective 1 10 (5-point Likert) 4

Reliability. High
internal

consistency;
Validity. Reference
to validation study

Learnability was
also considered as

a dimension of
usability

Deeny et al. (2014)
[46]

Cognitive
workload

Event-related
potential (ERP)

amplitude analysis

Quantitative,
objective N/A N/A 20

Validity. The study
is a validation
study in itself

N/A
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Table A1. Cont.

Reference Construct Methods Measure Type Dimensions Items Participants Psychometrics Comments

Dudley et al.
(2019) [27] Usability

A. SUS; B. Quebec
User Evaluation of
Satisfaction with

assistive Technology
(QUEST)

Quantitative,
subjective for both

A. 1; B. 2 (device
and services)

A. 10 (5-point
Likert); B. 12

(5-point Likert)
1 N/A

Only 8 items of the
device sub-scale of
QUEST were used

Eicher et al. (2019)
[28] Usability A. SUS; B. AttrakDiff Quantitative,

subjective for both

A. 1; B. 3
(pragmatic quality,

hedonic quality,
and attractiveness)

A. 10 (5-point
Likert); B. 28

(7-point Likert)
13 N/A N/A

Heinemann et al.
(2020) [41] Usability Focus group Qualitative,

subjective N/A N/A 35

Reliability. A
semi-structured
facilitator guide

was used to
standardize
facilitator’s

conduct across
focus groups

Focus group data
were analyzed

through thematic
analysis

Koumpuros (2016)
[29] Usability A. SUS; B. QUEST Quantitative,

subjective N/A N/A 31 articles
Validity.

Reference to
validation studies

N/A

Lajeunesse et al.
(2018) [42] Usability Semi-structured

individual interview
Qualitative,
subjective

3 (capabilities, life
habits, and

expected technical
characteristics)

N/A 13

Reliability.
Semi-structured

protocol and
parallel coding of

text data

QUEST was used
as a reference

Liu et al. (2017)
[45]

Cognitive
workload

A. Subjective
Workload Assessment
Technique (SWAT); B.

NASA Task Load
Index (NASA-TLX)

Quantitative,
subjective for both

A. 3 (time load,
mental effort load,
and psychological
stress load); B. 6
(mental demand,
physical demand,
temporal demand,

performance,
effort, and
frustration)

A.3;
B. 6 (10-point

Likert)
6

Validity. Good
content and

construct validity.
Reliability.

Cronbach’s α > 8
for both

N/A
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Table A1. Cont.

Reference Construct Methods Measure Type Dimensions Items Participants Psychometrics Comments

López-Larraz et al.
(2016) [37] Usability QUEST (modified) Quantitative,

subjective
2 (device and

services) 9 (5-point Likert) 4 N/A
Only the device

sub-scale of
QUEST was used

Nam et al. (2019)
[32] Usability Ad-hoc questionnaire Quantitative,

subjective 1 10 (7-point Likert) 20 (only 2 patients) N/A

Usability
assessment for
developmental

purposes

Ozkul and
Barkana (2013)

[35]
Usability

A. Perceived Rate of
Exertion Scale (PRES);
B. Visual Analog Scale

(VAS); C. Ad-hoc
questionnaire

Quantitative,
subjective for all 1 each

A. 1 (10-point
Likert); B. 1

(10-point Likert);
C. 10 (5-point

Likert)

9 N/A

Comfort,
performance, and
safety were also

part of the
assessment

Resquín et al.
(2017) [38] Usability

A. QUEST; B.
Self-Assessment
Manikin (SAM)

Quantitative,
subjective for both

A. 2 (device and
services); B. 3

(pleasure, arousal,
and dominance)

A. 7 (5-point
Likert); B. 3

(9-point Likert)
3 N/A

Only the device
sub-scale of

QUEST was used

Schneider et al.
(2016) [33] Usability

A. Ad-hoc
questionnaire; B.

Visual analysis of
facial expressions

A. Quantitative,
subjective; B.
Quantitative,

objective

1 each A. 3 (5-point
Likert) 8 N/A

Usability was
conceptualized as

enjoyment,
difficulty, and

comfort

Schrade et al.
(2018) [40] Usability Field behavioral

observation
Qualitative,
subjective N/A N/A 2 N/A

Usability was
conceptualized as

rehabilitative
progress and
effectiveness

Stellin et al. (2018)
[34] Usability Ad-hoc questionnaire Quantitative,

subjective 1 10 (5-point Likert) 16 (of which 6
patients) N/A

Usability was
conceptualized as

satisfaction

Tsai et al. (2019)
[30] Usability A. SUS; B. Ad-hoc

questionnaire
Quantitative,

subjective for both 1 each
A. 10 (5-point
Likert); B. 5

(5-point Likert)

22 (of which 18
patients)

Reliability. A.
Cronbach’s α =
0.64; B. α = 0.85

N/A
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Table A1. Cont.

Reference Construct Methods Measure Type Dimensions Items Participants Psychometrics Comments

Vitiello et al.
(2016) [43] Usability Experimental

characterization
Quantitative,

objective N/A N/A 3 N/A Torque and speed
were used

Yoo et al. (2019)
[36] Usability

A. Toronto
Rehabilitation
Institute Hand
Function Test
(TRI-HFT); B.

Korean-Quebec User
Evaluation of

Satisfaction with
assistive Technology

2.0 (K-QUEST 2.0)

A. Quantitative,
objective; B.

Quantitative,
subjective

A. 2 (ability to
manipulate and

grasp strength); B.
2 (device and

services)

A. 19; B. 12
(5-point Likert) 10

A. Inter-rater
reliability = 1.0 (p

< 0.01)

Only the device
sub-scale of

QUEST was used

N/A—Not applicable.
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