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Abstract

Purpose: To evaluate the effectiveness and perception of robotic rollators (RRs) from the per-
spective of users. Methods: Studies identified in a previous systematic review published 2016
on the methodology of studies evaluating RRs by the user perspective were re-screened for
eligibility based on the following inclusion criteria: evaluation of the human-robot interaction
from the user perspective, use of standardized outcome measurements, and quantitative
presentation of study results. Results: Seventeen studies were eligible for inclusion. Due to
the clinical and methodological heterogeneity across studies, a narrative synthesis of study
results was conducted. We found conflicting results concerning the effectiveness of the robot-
ic functionalities of the RRs. Only a few studies reported superior user performance or re-
duced physical demands with the RRs compared to unassisted conditions or conventional as-
sistive mobility devices; however, without providing statistical evidence. The user perception
of the RRs was found to be generally positive. Conclusions: There is still no sufficient evi-
dence on the effectiveness of RRs from the user perspective. More well-designed, high-
quality studies with adequate study populations, larger sample sizes, appropriate assessment
strategies with outcomes specifically tailored to the robotic functionalities, and statistical

analyses of results are required to evaluate RRs at a higher level of evidence.

Keywords: Assistive technology, Mobility, Robotics, Walkers, Systematic review, Eval-

uation studies, Human-robot interaction



Introduction

The maintenance of mobility is fundamental for the quality of life, wellbeing, and autono-
mous life of older people [1,2], and being physically active is associated with numerous posi-
tive health outcomes in this population [3-5]. Impaired mobility is, however, common among
the elderly [6,7] and has been shown to be a risk factor for subsequent disability, loss of inde-
pendence, and mortality [2,8,9].

To enhance mobility, extend independent living and, ultimately, to improve the quality of
life of affected people, assistive mobility devices (AMDs) such as walkers, which are used
more than any other AMD except the cane [10], have been developed with early focus on
physical support [11]. However, as mobility in the elderly may not only be restricted by motor
but also by sensorial and/or cognitive impairments [12], conventional AMDs (i.e. canes,
crutches, walkers, rollators) may not be sufficient to cover the needs of persons suffering from
such additional geriatric deficits.

Recent advances in robotics have made it possible to develop a new class of more intelli-
gent walkers by integrating robotic technology, electronics and mechanics [13]. According to
the user’s needs, these so-called ‘smart walkers’, ‘robotic walkers’, or ‘robotic rollators’
(RRs) are not restricted to their primary focus, i.e. physical support, but are capable of provid-
ing mobility assistance in different functional domains [14,15]. Overall, RRs have evolved to
provide physical support, sensorial and cognitive assistance, and/or health monitoring [16].
More specifically, they may cover robotic functionalities that focus on gait assistance [17],
sit-to-stand (STS) transfer [18-20], partial body weight support (BWS) [21,22], obstacle
avoidance [23-25], navigation assistance [26-28], and/or fall prevention [29,30]. A more de-
tailed survey of the various high-tech functionalities of RRs can be found in Martins et al.

[31,32].



An important part in the development process of RRs represents the verification of the
technical capability of the devices and their functionalities. However, in addition to such
technical testing, an evaluation that considers the user perspective in terms of the user’s per-
formance, physical demands and satisfaction with the RRs is also essential to enable and op-
timize a user-focused development, to prove the usability and effectiveness, and to document
the potential added value of the innovative, robotic functionalities for the intended user group
[33]. In general, to ensure that assistive technology devices meet the needs, requirements and
preferences of users and to become successful on the market, the product development and
such evaluation processes have to be closely aligned and guided by continuous end-user input
at all stages [31,34,35].

The evaluation of RRs from the user perspective seemed to be associated with significant
methodological challenges [31,36]. In our recent systematic review on the methodology of
studies evaluating RRs by the user perspective, the identified studies showed large heteroge-
neity in study population, design of studies/test scenarios, and assessment methods. No gener-
ic methodology to evaluate RRs from the user perspective could be identified [19]. We also
found major methodological shortcomings related to insufficient sample sizes, lack of appro-
priate standardized and validated assessment methods, and lack of statistical analyses of study
results.

The evidence of the effectiveness and positive user perception of the RRs might have been
substantially influenced by these study limitations and different methodological approaches.
However, as we did not report the results of the studies identified in our previous review, we
were so far not able to address this topic. To our knowledge, also no other systematic review
has been published on the results of studies evaluating RRs by the user perspective. There-
fore, the purpose of this article is to summarize and review study results reported for the eval-

uation of RRs from the user perspective.



Methods

This review involved studies identified in our previous systematic review on the methodology
of studies evaluating RRs by the user perspective [33]. The literature search, inclusion crite-
ria, and study selection process of the previous systematic review have been described there
in detail, so only relevant information for the analysis of study results are reported here. The
systematic literature search in the electronic databases PubMed and IEEE Xplore, reference
lists of relevant publications, and key author’s own databases was performed there until De-
cember 31, 2014. The studies identified by this search were re-screened and assessed for eli-
gibility in the current review based on the following inclusion criteria: (1) evaluation of the
human-robot interaction (HRI) from the user perspective; (2) use of a standardized outcome
measurement, and (3) quantitative presentation of study results. The selection process was
performed by two independent reviewers (C.W. and P.U.). Disagreement was resolved by
consensus or third-party adjudication (K.H.). After inclusion, relevant data were extracted by

1 researcher (C.W.) and confirmed by another researcher (P.U.).

Results

After removing duplicates, screening titles and abstracts, and assessing the full-text articles,
our previous systematic review covered 28 studies [33]. Of these, 11 studies were excluded
after re-screening for eligibility in the current review as four did not present quantitative data
on study results, four did not use standardized outcome measurements, two did not provide
sufficient information on the outcome measurement used, and one did not evaluate the HRI
by the user perspective (see Figure 1).

[Figure 1 near here]



The remaining 17 studies® were reviewed and review results were extracted in table format,
containing information on the names of RRs, study sample, robotic functionality to be tested,
design of studies/test scenarios, assessment methods, and study results (see Table 1).

The methodology of identified studies was described and discussed in detail in our previ-
ous systematic review [33]. In this article, we extracted only information on the study meth-
odology relevant for an adequate presentation, understanding, and discussion of the study
results.

[Table 1 near here]

Study sample

The sample size of included studies averaged 7.7 + 4.5 subjects (range, 2-20). The mean age
of subjects ranged from 25 [37] to 89 years [38], with age information lacking in four studies
[17,25-27]. Study samples differed considerably across studies, covering impaired subjects
(e.g. motor, functional, cognitive, visual, and/or neurological) [16-18,23,25,26,28,38-41],
healthy young adults [22,37], healthy and impaired elderly [42], or setting-specific subjects

(i.e. residents of retirement facility) [27].

Design of studies and test scenarios

Seventeen articles described comparative studies or test scenarios in which RRs were com-
pared with conventional AMDs or unassisted walking/STS transfers (‘inter-device compari-
son’) [17,18,23,28,37,40-42], or in which different assistance levels (e.g. activated vs. non-
activated navigation assistance) [22,23,25,27,28,38], development stages [18,37] or user-
interface designs [26] of the same RR were compared to each other (‘intra-device compari-

son’). Three articles reported on observations and provided only descriptive data without any

1 As two articles each reported on two separate studies, the individual studies of these articles were distinguished
with alphabetic coding when necessary (i.e.



reference or comparative values for classification of study results [16,25,28]. Two articles
described interventional studies that evaluated the effects of an RR-assisted ambulation train-
ing compared to traditional ambulation training on parallel bars [39] or of the repeated use of
a RR over six consecutive days [17]. One article described a test scenario in pre-post-test de-
sign in which the subjective user perception of the overall RR functionality was assessed be-

fore and after a series of trials [23].

Assessment methods

Depending on the specific RR to be evaluated, assessment methods addressed different robot-
integrated functionalities. Eight studies evaluated the physical support [17,18,22,37,39,41,42],
four the navigation assistance [25-28] and four the sensorial assistance functionality of the RR
[23,25,28,38]. Six studies included (also) assessment methods that addressed no specific as-

sistance functionality but rather the overall functionality of the RR [16,23,25,28,37,40].

Physical support
The ability of the RR in supporting users’ gait and motor-functional performance was as-
sessed by clinically well-established walking and functional mobility tests (4-Meter Walk
Test [AMWT], 10-Meter Walk Test, [LOMWT], Timed Up and Go [TUG]) [41,42], gait anal-
ysis methods [17,42], self-designed walking paths [37], a subjective expert rating of abnormal
gait patterns (festinating gait, freezing of gait) [17], or a single dichotomous question on the
ease of walking with a RR [40]. The most frequently used outcome of these assessment meth-
ods was gait speed or RR velocity [37,41,42].

The STS functionality of the RR was evaluated by a self-designed user questionnaire on

the ease and confidence of standing up with the RR [18].



The physical demands when using the RRs was evaluated by measuring the exertion of
force applied to steer the RR [28,37], the oxygen consumption and metabolic cost of transport
(COT, metabolic cost per unit of mass and distance travelled) [37], the torso kinematics
and/or the muscle activity in lower limbs [22,41] during time-based performance tasks (navi-
gation trail, LOMWT) or during walking with standardized gait speed.

To investigate the potential of the RR as rehabilitation training device, the subjects’ gait
and motor-functional performance and ability in activities of daily living (ADLSs) were as-
sessed by the 6-Min Walk Test (6MWT), 10MWT, Performance Oriented Mobility Assess-

ment (POMA), and the Barthel ADL Index [39].

Cognitive assistance

Robotic functionalities that aimed to assist navigation and localization were evaluated on self-
designed navigation trails [25-28]. Outcomes related to subjects’ navigation performance
covered simple quantifiable outcomes (e.g. task completion time, target achievement [28])
and more detailed, technique-based outcomes (e.g. deviation from optimal path [25,27], walk-
ing distance [28]) which were specifically tailored to the functionality to be tested and most
frequently derived from the data flow created by the robot-integrated sensing technologies
(e.g. laser range finder). One study used a dichotomous subjective question to assess subjects’
preference of two user different user-interface designs of the RR’S navigation assistance sys-

tem [26].

Sensorial assistance
Obstacle avoidance and guidance functionalities of the RRs were evaluated on self-designed
obstacle courses/walking paths [23,38] or during navigation trials [25,28]. The subjects’ sen-

sorial performance with the RRs was assessed by simple quantifiable outcomes such as task



completion time or number of collisions [23,28,38], or by more technique-based, tailored out-
comes such as the distance to obstacles [25,28] or the deviation from a path marked on the

floor [38].

Overall functionality

Assessment methods that addressed the overall functionality of the RRs covered self-designed
structured questionnaires with different items and different multistage rating scales to evalu-
ate the subjective user experience with the RR [16,23,25,28,37,40]. The most frequently used

questionnaire item addressed the manoeuvrability of the RRs [16,25,37,40].

Study results
Study results were predominantly (82.4%) presented by descriptive statistics (e.g. frequencies,
means, SDs) [16-18,22,25-28,38,40-42]. Only three out of 17 studies (17.6%) performed an
inferential statistical analysis of outcomes [23,37,39].

In the following, we present the study results related to the different assistance functionali-

ties to be evaluated in the identified studies.

Physical support

Out of the studies that compared robot-assisted walking and walking with conventional
AMDs or without support of an AMD [17,40-42], two reported superior gait performance
with the RR, as indicated by a smaller number of abnormal gaits and lower gait variability
(i.e. SD of gait speed) [17] or more positive responses on the ease of walking in robot-assisted
walking [40]. The other two studies reported an inferior gait and motor-functional perfor-
mance with the RR in clinically established walking or functional mobility tests, documented

by an increased TUG completion time, increased step time and double limb support time dur-



ing the TUG, and/or a slower gait speed (AMWT, 10MWT) [41,42]. In one of these studies,
subjects achieved a higher gait speed (10MWT) with the RR when compared to walking in
parallel bars [41].

One study reported the highest questionnaire scores for the use of the most recent devel-
opment stage of the robotic STS assistance system, indicating that subjects perceived the STS
transfer with this new development stage as being easier and associated with less fear of fall-
ing than with the previous development stage or without any assistance [18].

The study comparing subjects’ gait performance with two different HRI systems reported
no significant differences in the mean and SD of the RR speed between the newly developed
and the traditional, state-of-the-art HRI system and that subjects were able to achieve a simi-
lar good speed control to the targeted speed with both HRI systems [37].

In two studies, walking with motorized RRs was reported to be more physically demanding
than with conventional walkers, documented by an increased VO and significant greater COT
[37], or substantially higher forces applied to control the RR [28]. In contrast, another study
presented a lower muscle activity in lower limbs and trunk acceleration during robot-assisted
gait when compared to walking with conventional AMDs [41]. One of these studies also
compared the forces required to steer the RR when using two different HRI systems (tradi-
tional vs. newly developed system) and showed that these forces were significantly higher
with the most recent version [37]. In another study assessing physiological demands in ambu-
lation with different levels of RR’s BWS system, muscle activity in lower limbs seemed to
decrease with increasing BWS [22].

In the RCT study, robot-assisted ambulation training resulted in significant improved gait
speed (10MWT) and motor-functional (POMA) and ADL performance (Barthel ADL Index),

compared to the conventional ambulation training on parallel bars [39].



The interventional study performing gait analyses on six consecutive days reported the
same positive level of subjects’ gait performance over the entire ‘intervention’ period in terms
of low gait variability and a small number of abnormal gait patterns in robot-assisted gait

[17].

Cognitive assistance

In specifically tailored outcomes of the navigation trails, three studies reported superior user
performance with the activated navigation assistance of the RRs in terms of smaller devia-
tions from an optimal path [25,27] or a reduced walking distance [28] when compared to that
with a conventional AMD or the same RR with non-activated navigation assistance. In less
specific outcomes, however, one of these studies reported an inferior user performance in ro-
bot-assisted navigation, documented by a longer walking time and a slower maximum speed
[28].

In all studies comparing different assistance level of the navigation assistance (e.g. shared
user-robot vs. robot motion control), subjects achieved the highest user performance (smallest
path deviations [25,27], shortest walking distance [28]) when the RRs provided maximum
navigation assistance by the full robot motion control modes in which the subjects had no
control over the motion direction of the RR but followed the RR rigidly along the robot-
planned path.

When having the choice (dichotomous question) between two different user-interface de-
signs for the navigation assistance system of a RR, most subjects (75%) seemed to prefer a
map-based design when compared to a text-and-arrow based design (25%), as reported in one

study [26].



Sensorial assistance

On obstacles courses, walking paths or during navigation trails, subjects tended to show a
superior sensorial performance with the RRs with activated obstacle avoidance and guidance
assistance when compared to that with a RR with non-activated sensorial assistance or a con-
ventional walker, or without any AMD. Three out of four studies reported larger distances to
the obstacles [25,28], a reduced number of collisions [28,38], or smaller deviations from a
path marked on the floor [38] when using the RR with activated sensorial assistance. In one
study, which performed a statistical data analysis, descriptive data indicated also fewer colli-
sions but a longer walking time with the sensorial assistance of the RR; however, these trends
could not be confirmed as statistically significant [23].

Out of the studies that compared different assistance levels of the RRs, one out of three re-
ported a superior sensorial performance documented by larger distances to obstacles when
maximum assistance was provided by the full robot motion control mode [28]. In the other
studies, no apparent [25] or significant [23] differences in outcomes such as the distance to

obstacles, number of collisions, or task completion time were observed.

Overall functionality
Independent of the different items included in the self-designed questionnaires (e.g. manoeu-
vrability, safety, comfort), a high number of positive responses [40] and positive average or
median scores in the upper half [16,23,25] or even in the upper quartile [37] of the scales
were achieved, suggesting, for instance, that the RRs were easy to manoeuvre or subjects felt
safe and comfortable using the RR [16,23,25,37,40].

The study comparing subjects’ user experience with two different development stages of

the RR’s HRI system reported positive average scores in the upper quartile of the rating scales



for both the traditional and the newly developed HRI system, with no significant differences
in any questionnaire item (e.g. comfort, overall experience, speed control) [37].

In the only study that assessed subjects’ perception of the RR before and after the use of
the RR, favourable average scores in the upper half of the rating scale were observed at pre-
and post-test assessment with the tendency of more positive scores after participating in the
study; however, the statistical analysis showed no significant differences between pre- and

post-testing [23].

Discussion

The purpose of this systematic review was to summarize the results of studies evaluating RRs
from the perspective of users. Included studies showed large clinical and methodological het-
erogeneity (sample characteristics, study design, assessment methods, outcomes), and find-
ings of studies were mainly based on the authors’ subjective appraisal without statistical data
analysis or reference values for comparison. Such evaluations are of very limited value at a
low level of evidence and rather comparable to mere use case descriptions. The overall evalu-
ation of the effectiveness and user perception of the RRs is therefore severely hampered. Alt-
hough hard to compare, a limited number of studies reported a superior user performance in
specific outcomes when using the robotic functionalities compared to unassisted conditions or
the use of conventional AMDs; however, these studies were performed with small sample
sizes and without providing statistical evidence. The users’ physical demands seemed not to
be reduced with the RRs when compared to that with a conventional AMD. The overall func-
tionality of the RRs evaluated by subjective user questionnaires was generally rated as posi-

tive by the users.



Physical support
Clinically established functional or walking tests such as the AMWT, 10MWT, or TUG show
various methodological qualities; however, they do not prevent a misuse of an inappropriate
study outcome. When using a motorized RR with limited maximum speed and comparing it to
a conventional walker or walking without any AMD, it is almost mandatory that the subjects
achieved an inferior gait speed or task completion time with the RR, as reported in two stud-
ies [41,42]. Choosing such inappropriate and unidimensional outcomes underestimate or even
completely miss the potential benefits of a RR to support users’ gait and motor-functional
performance. Augmenting established clinical performance-based measures (e.g. 4AMWT,
TUG) with technical assessment measures, such as done in one study by a video-based gait
analysis [42], allows for a multidimensional analysis of subjects’ gait by further temporal-
spatial gait parameters such as stride length, step time, or double limb support time. However,
as such parameters are highly associated with gait speed and subjects’ gait speed was limited
in this study by RR’s maximum speed, it is not very surprising that the subjects achieved su-
perior performance also in these outcomes with the conventional walkers by which they were
able to walk much faster. In contrast, studies evaluating subjects’ RR-assisted gait and motor-
functional performance by less time-/speed-dependent outcomes but more qualitative perfor-
mance outcomes (e.g. number of abnormal gaits, gait variability) or by more user-based out-
comes (e.g. subjective perception on ease of walking/standing up) reported superior user per-
formance and satisfaction with the RR when compared to with a conventional walker or with-
out support of an AMD. These findings suggest that RRs may well have the potential to pro-
vide an added value for subjects’ gait and motor-functional performance; however, the docu-
mentation of this seems to depend substantially on the choice of an appropriate outcome.

The development of AAL systems should involve a multi-stage iterative process, including

iterative refinement of robotic prototypes/functionalities and their regularly evaluation during



development process (‘iterative design-development-testing procedure’ [43]). As reported in
one study, the most recent development stage of the STS assistance system was more posi-
tively perceived and rated by the subject than the previous one [18]. In the sense of an itera-
tive development process, such findings indicate that the re-design and optimization of this
robotic functionality seems to have been successful in this study. In contrast, in another study
that developed and evaluated a new, alternative technical approach for the HRI system , such
re-design seems to have been less effective, as indicated by the significant higher physical
demands and similar gait performance reported for the subjects when using the more recent
approach compared to the traditional, state-of-the-art HRI system [37].

RRs are augmented with a lot of technical hardware components substantially increasing
their weight and inertia. The motion control of such heavy-weight, high-tech devices using
HRI forces is still a challenging problem in the development of RR [25]. Since the forces re-
quired to control them and users’ physical demands were reported to be higher compared to
low-weight, conventional AMDs [28,37] and further improvements of traditional HRI sys-
tems appear to be difficult to achieve [37], there seems to be still no generic and optimal solu-
tion for the HRI making the handling of RRs comparable to that of a conventional AMD. In
one study, the substantially higher user-applied forces may, however, also be caused by sub-
jects’ attempt to exceed robot’s limited maximum speed [28]. When choosing a maximum RR
speed without having in mind subjects’ maximum gait speed, it is not surprising that subjects
intuitively push hard to further accelerate the RR. These findings may indicate not only meth-
odological flaws in the design of this study but also less optimized technical solutions in the
design of the RR.

The reduced trunk accelerations and EMG signals in lower extremities in robot-assisted
gait compared to walking with conventional walkers might be a direct consequence of sub-

jects’ lower gait speed with the RR [41]. Since gait speed may be closely related to torso kin-



ematics and muscle activity in lower extremities, these findings seem to be almost inevitable
and may indicate shortcomings in the design of a study. To ensure comparability of outcomes
such as muscle activity, it is mandatory to standardize subjects’ gait speed when using differ-
ent types of AMDs, such as done in [37].

When using a RR for gait rehabilitation purpose, it is crucial to have the possibility to spe-
cifically tailor the amount of robotic assistance according to the user’s individual gait perfor-
mance. Since the muscle activity of lower extremities decreased with increasing assistance
level of the BWS system evaluated in one study [22], this robotic functionality seems to be
high adaptable allowing a user-specific adjustment of RR’s assistance levels in rehabilitation
process.

Based on clinically established assessment methods (i.e. 6MWT, 10MWT, POMA, Barthel
ADL Index) and adequate statistical analyses, results of the RCT study [39] indicate that RRs
may not only be used as an intelligent AMD to support users directly in functional tasks of
daily living (e.g. walking, STS transfer, navigation), but also for training purposes in rehabili-
tation practice.

In the other interventional study [17], the similar positive gait parameters without obvious
changes over the ‘intervention’ period may suggest that either subjects did not require much
time to get used to the RR and the RR allowed already initially a very satisfactory gait per-
formance or that the repeated use for only a six times in the restricted intervention period may

not be sufficient to achieve further improvements in outcomes.

Cognitive and sensorial assistance
Studies evaluating RRs that provided navigation assistance or obstacle avoidance showed
promising but not conclusive results. In outcomes less specifically tailored to the robotic func-

tionalities (e.g. walking time, walking speed), conventional, low-tech AMDs seem to allow a



superior user performance when compared to RRs [23,28]. In more specifically tailored out-
comes (e.g. walking distance, path deviation, distance to obstacles), however, users seem to
achieve a superior performance rather by using a RR that actively provide robotic assistance
[25,27,28,38]. These findings suggest that such specific outcomes, which can often be cap-
tured by the sensing technologies already integrated on the RRs to realize the high-tech assis-
tance, may be much more appropriate to demonstrate the added value of robotic functionali-
ties than rather unspecific outcomes.

Full robot motion control modes of the RRs provide maximum assistance in navigation,
guidance, or obstacle avoidance and may allow highest user performances [25,27,28]; howev-
er, as the RR just tracks its self-generated path (around obstacles) without considering users’
input in such modes, subjects may complain about having too little control about the motion
of the RR [25]. From a clinical and user perspective, the motion control of a RR should rather
be based on a sophisticated HRI which sufficiently bears in mind the user’s input, provides
adequate assistance only when needed, and gives the user a feeling of being in control of the

RR at all time.

Overall functionality

In general, results of questionnaire-based surveys on the user-perceived overall functionality
of the RRs suggest that subjects had positive experiences with the RR. The comparability and
a more precise classification of study results is, however, severely limited due to the large
variety of questionnaires, items and rating scales used to evaluate the subjective user experi-
ence. One of the most remarkable finding here may be that the manoeuvrability of the RRs
was rated by the subjects as quite high [16,25,37]. As a lot of hardware components are re-
quired to realize intelligent robotic functionalities, it seems almost inevitable that RRs are

heavier and probably also bulkier than conventional walkers. The high manoeuvrability re-



ported for the RRs, however, highlights that there are already engineering approaches availa-
ble that successfully address this issue in a user-satisfying manner.

In the study evaluating the user perception before and after the use of the RR [23], the
positive results already obtained at pre-test without significant changes after the actual use of
the RR indicated that subjects seemed to have initially no negative prejudices against the RR.
Referring to descriptive data, the authors of this study also stated that the RR was slightly
more positively rated after having used it for a few times (post-test); however, they could not
confirm this trend as statistically significant. Since the user satisfaction of an AMD was re-
ported to be related to the number of times it was used [44], giving the subjects the opportuni-
ty to use the RR more frequently or over a longer period of time may have further increased

the positive impact on the user perception.

Conclusions

Overall, this systematic review has revealed that the evaluation of RRs from the user perspec-
tive is still understudied. So far, very limited data on the evidence for the effectiveness of RRs
in improving users’ mobility and functional performance or in reducing their physical de-
mands as well as for the positive user perception of RRs are available. Only tentative conclu-
sions can be drawn from the identified studies, which show large heterogeneity and mostly
lack sufficient methodological quality. Intelligent functionalities of the RRs may have the
potential to be beneficial for users, and RRs seemed to be generally perceived as positive;
however, more well-designed, high-quality studies with adequate study populations, larger
sample sizes, appropriate assessment strategies with outcomes specifically tailored to the ro-
botic functionalities, and a statistical analysis of results are required to evaluate RRs from the

user perspective at a higher level of evidence.
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criteria



Table 1. Study characteristics, assessment methods, and study results of the 17 studies identified in this systematic review

Eﬁmil?,fyiaRr [Ref. No] Sample Design A:ilsg:;’:)(;]ea"ty Assessment methods Study results
CAIROW Study A 1V: repeated assessment | PHY Gait analysis: gait speed, step length Gait speed, step length, abnormal gait patterns: in the same
Mou et al., 2012 [17] n=6 (F=nl/a) on 6 consecutive days Expert rating of gait: abnormal gait patterns positive level without obvious changes over the entire ‘in-
Age: nfa (festinating gait, freezing of gait) tervention’ period #
PD patients, mHY stage 1.5-3
Study B INTER: RR vs. normal PHY Gait analysis: gait speed, step length SD of gait speed, abnormal gait patterns: RR < normal
n=7(F=nla) walking (with own/ Expert rating of gait: abnormal gait patterns walking #
Mean age: 86 yrs without AMD) Step length: n/a
PD patients, mHY stage 1-3
Care-O-bot 11 n=6(F=5) INTER, INTRA: robot COG Navigation trail with obstacles: walking Walking time: RR > conventional walker #, robot vs. user
Graf, 2009 [28] Age range: 86-92 yrs motion control vs. user | SENS time, number of collisions, maximum motion control: n/a
Inhabitants of an old people’s residence motion control vs. PHY speed, walking distance, distance to ob- Number of collisions, maximum speed: RR < conventional
using mobility aids in daily life conventional AMD+ OA stacles AMD #, robot vs. user motion control: n/a
OBS Force/torque sensors: pushing force Walking distance: robot < user motion control or convention-
Navigation trail with obstacles: target al AMD #
achievement Distance to obstacles: maximum distance with robot motion
Self-designed questionnaire control
Pushing force: RR > conventional AMD #, robot vs. user
motion control: n/a
Target achievement: all subjects could be passed by safely
‘80% of subjects felt safe and in control with the RR’
GRSR n=2(F=0) INTRA: 20/40% BWS PHY EMG? during walking with standardized EMG signal: 20% BWS < FBW (range -0.9 to -10.0%) #;
Jang et al., 2008 [22] Mean age (SD): 28.5 (2.1) yrs vs. FBW gait speed of 0.2 m/s: muscle activity of 40% BWS << FWB (range -1.8 to -17.2%) #
Ordinary adult males lower extremity muscles
Guido n=17 (F=nla) INTER, INTRA: RRvs. | SENS Obstacle course: walking time, number of Walking time: AMD < own/without AMD < Guido: n.s.
Rentschler et al., 2008 [23] | Mean age (SD): 85.3 (7.0) yrs conventional AMD or | OA collisions/reorientations differences
Residents of a supportive living facili- normal walking (with Self-designed questionnaire: appearance, Number of collisions: Guido < own/without AMD < conven-
ty/nursing home with visual impair- own/without AMD); ease of use, usefulness, embarrassment (1 tional AMD: n.s. differences
ment (e.g. macular degeneration, cata- user motion control vs. = best score; 5 = worst score) Number of reorientations: AMD < own/without AMD <
ract, glaucoma) shared user-robot mo- Guido: n.s. differences
Mean time (SD) since onset of visual tion control Appearance: n/a
impairment: 20.4 (13.0) yrs PPT: before and after RR Ease of use, usefulness, embarrassment: post-test < pre-test
Ambulatory (= 20 min within 90 min usage score: n.s. differences
period) with limited assistance
Hitachi walker n=6 (F=nla) INTER: RR vs. caster vs. | PHY 10MWT: gait speed Gait speed, trunk acceleration: RR < caster < conventional
Tamura et al., 2001 [41] Mean age (SD): 82 (7.9) yrs conventional walker; EMG: muscle activity of gastrocnemius walker #; RR > parallel bars #
Subjects ambulatory with supervision (n RR vs. parallel bars Tri-axial accelerometer: trunk acceleration | EMG signal: RR < caster < conventional walker #; RR vs.
= 4), subjects in need for walking assis- parallel bars not reported
tance (n = 2)
iWalker n=4(F=nla) INTRA: map-based vs. COG Dichotomous question: choice of user- Choice of user interface: 3 out of 4 subjects preferred map-
Kulyukin et al., 2008 [26] | age: n/a text-and-arrow-based interface design based user interface design

Clients of in-home supportive service
currently using cane and/or walker with
history of way finding problems

MMSE mean score (SD): 26 (3.6)

user-interface design
of navigation system




Table 1. (continued)

Z‘ﬁmi:’fyi; [Ref. No] Sample Design A:ilsg:;’:)(;]ea"ty Assessment methods Study results
i-Walker (EU) n=20 (F=11) IV (RCT): ambulatory PHY POMA: total score Within both groups, T1 vs. Ta:
Annicchiarico, 2012 [39] Mean age: 59.9 yrs training with RR(EG) 6MWT: walking distance POMA total score, walking distance, gait speed, Barthel
Acute hemiparetic stroke patients (event vs. in parallel bars 10MWT: gait speed ADL Index: T
<1 yrs) receiving rehabilitation treat- (CG); 4 weeks, 5x a Barthel ADL Index EG compared to CG, T, vs. T2
ment week POMA total score, gait speed, Barthel ADL Index: T
MIMS;E Sgore >20; CNS upper & lower Walking distance: n.s differences
imb >
i-Walker (JP) n=6(F=2) INTRA: active vs. SENS Obstacle course: deviations from a path Path deviations, number of collisions: active < passive
Kikuchi et al., 2010 [38] Mean age (SD): 88.7 (6.1) yrs passive robot motion marked on the floor, number of collisions motion control system #
Residents of elder care facility with control system
wheelchair due to loss of vision/muscle
strength who occasionally train walking
with forearm caster walker
Chronic disease: stroke, dementia,
muscle atrophy, high blood pressure,
heart failure, AD, cataract, PD
JAROW n=5(F=14) INTER: RR vs. conven- | OA Self-designed questionnaire: ease of walk- Ease of walking: 3 out of 5 subjects felt it was easier to walk
Lee et al., 2014 [40] Age range: 75-84 yrs tional AMD ing, safety, manoeuvrability (dichoto- with RR, 2 subjects had no opinion
Subjects using traditional walkers in mous items) Safety: all subjects felt safe during RR use
daily routine Manoeuvrability: 4 subjects felt able to use the RR in more
locations than their current AMD
Nomad XR 4000 n=4(F=nla) INTRA: active vs. COGN Navigation trail: deviation from optimal Path deviation: full robot motion control < active < passive
Morris et al., 2003 [27] Age: nfa passive navigation path navigation assistance #
Residents of a retirement facility assistance system vs.
full robot motion con-
trol
PAMM SmartWalker Study A OBS OA Self-designed questionnaire: ease of con- Questionnaire items, mean (range):
Yu et al., 2003 [25] n=8(F=nla) trol, going straight, turning, heaviness, Ease of control: >3.5 (3-5), going straight: 3.5 (3-5), turn-
Age: nla support, satisfaction (1 = worst score, 5 = ing: >4 (2-5), heaviness: 3.5 (1-5), upport: 4 (2-5), satis-
Elderly residents of assisted living best score) faction: >3 (1-5)
facility with mobility aid
Study B INTRA: full robot COG, SENS Walking path: deviation from optimal path, | Path deviation: full robot < shared user-robot < without
n=8(F=5) motion control vs. distance to wall motion control #
Age range: 84-95 yrs shared user-robot mo- Distance to wall: full robot ~ shared user-robot > without
Elderly residents of assisted living tion control vs. without motion control #
facility with need for walkers any motion control
RMP n=10(F=5) INTER, INTRA: previ- PHY Walking with targeted velocity of 1 m/son | Mean/SD of RR velocity: n.s. differences between motion
Grondin & Qinggou 2013 | Mean age (SD): 24.6 (3.0) ous vs. recent motion OA a circular path: mean/SD of RR velocity controllers; all subjects achieved a very good speed control

[37]

Subjects without previous/ current gait-
related injuries and without experience
in using rollators or robotic walkers

control system vs.
conventional rollator
vs. without AMD

Force/torque sensor: pushing force

Respirometry: COT, VO,

Self-designed questionnaire: comfort,
intuition, speed control, exertion, overall
experience (0 = worst score, 5 = best
score)

to the targeted speed of 1 m/s with both motion controllers

Pushing force: recent > previous motion control *

COT: conventional rollator > without AMD *, previ-
ous/recent motion control > without AMD or conventional
rollator *, n.s. differences between both motion controllers

VO;: RR > conventional rollator > no assistive device #

Comfort, intuition, speed control, exertion, overall experi-
ence: n.s. differences between both motion controllers;
similar positive user experience for both motion controllers
(for all items: score >4)




Table 1. (continued)

Eﬁmi?,fyi; [Ref. No] Sample Design A:ilsg:;’:)(;]ea"ty Assessment methods Study results
robuWALKER n=8(F=5) INTER: RR vs. conven- | PHY AMWT: gait speed 4MWT, TUG: RR > conventional walker #
Rumeau et al., 2012 [42] Mean age (SD): 82.6 (8.7) yrs tional walker Modified TUG: completion time Step time, double support time: RR > conventional walker #
Healthy elderly (n = 4): AMWT < 4s, Gait analysis by video recordings: step
TUG < 13s, MMSE score > 26 time, double support time
Elderly patients with motor & cognitive
impairment (n = 4): AMWT > 4s, TUG
> 13s, MMSE mean score (SD): 20
(3.5)
All subjects without experience in using
walking frames
SIMBIOSIS Walker n=8(F=nla) OBS OA Self-designed questionnaire: manoeuvrabil- | Questionnaire items, mean (SD):
Frizera-Neto et al., 2011 Age: nla ity, safety, posture & comfort (0 = worst Manoeuvrability: 74 (18.8)
[16] Subjects with preserved cognitive func- score, 100 = best score) Safety: 90 (7.9)
tions Posture & comfort: 89 (7.9)
Ability to (1) maintain standing position,
(2) walk 10 m without assistance of
another person and with or without
support of a mobility aid, and (3) to
grasp
WISCI 1l mean score (SD): 15.9 (2.9)
- n=7(F=nla) INTER, INTRA: STS PHY Self-designed questionnaire: ease of stand- | No assistance vs. previous STS assistance system: ease of
Chugo et al., 2009 [18] Age: > 67 yrs transfer without assis- ing up, fear of falling (1= inferior, 3 = standing up, mean: 4; fear of falling, mean: 3

People in need of long-term care at level
I or Il in Japanese Long-term Insurance
System

tance vs. with previ-
ous/recent STS assis-
tance system

same, 5 = better feeling compared to STS
transfer without any assistance)

No assistance vs. recent STS assistance system: ease of
standing up, mean: 4.5; fear of falling, mean: 4.5

—> subjects felt easier to stand up using recent STS assistance
system compared to the previous version or no assistance #

Abbreviations: RR= robotic rollator; F = females; n/a = not available; PD = Parkinson’s disease; IV = interventional; PHY = physical; # = no statistical anal-

ysis given; INTER = inter-device comparative; AMD = assistive mobility device; SD = standard deviation; INTRA = intra-device comparative; OBS = obser-

vational; COG = cognitive; SENS = sensorial; OA = overall; BWS = body weight support; FBW = full body weight; EMG = electromyography; PPT = pre-

post-test; n.s. = not significant; 10MWT = 10-Meter Walk Test; MMSE = Mini-Mental Status Examination; CNS = Canadian Neurological Scale; RCT = ran-

domized controlled trial; EG = experimental group; CG = control group; POMA = Performance Oriented Mobility Assessment; 6MWT = 6-Min Walk Test;

ADL = Activity of daily living; T = significant higher; AD = Alzheimer’s disease; COT = metabolic cost of transport, VO2 = oxygen consumption; * = signif-

icant (p <.05); AMWT = 4-Meter Walk Test; TUG = Timed Up and Go; WISCI Il = Walking Index for Spinal Cord Injury II; STS = sit-to-stand.
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