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Abstract 

Background In recent years, ambulatory lower limb exoskeletons are being gradually introduced into the clinical 
practice to complement walking rehabilitation programs. However, the clinical evidence of the outcomes attained 
with these devices is still limited and nonconclusive. Furthermore, the user‑to‑robot adaptation mechanisms respon‑
sible for functional improvement are still not adequately unveiled. This study aimed to (1) assess the safety and fea‑
sibility of using the HANK exoskeleton for walking rehabilitation, and (2) investigate the effects on walking function 
after a training program with it.

Methods A randomized controlled trial was conducted including a cohort of 23 patients with less than 1 year 
since injury, neurological level of injury (C2‑L4) and severity (American Spinal Cord Injury Association Impairment 
Scale [AIS] C or D). The intervention was comprised of 15 one‑hour gait training sessions with lower limb exoskeleton 
HANK. Safety was assessed through monitoring of adverse events, and pain and fatigue through a Visual Analogue 
Scale. LEMS, WISCI‑II, and SCIM‑III scales were assessed, along with the 10MWT, 6MWT, and the TUG walking tests (see 
text for acronyms).

Results No major adverse events were reported. Participants in the intervention group (IG) reported 1.8 cm (SD 1.0) 
for pain and 3.8 (SD 1.7) for fatigue using the VAS. Statistically significant differences were observed for the WISCI‑II 
for both the “group” factor (F = 16.75, p < 0.001) and “group‑time” interactions (F = 8.87; p < 0.01). A post‑hoc analysis 
revealed a statistically significant increase of 3.54 points (SD 2.65, p < 0.0001) after intervention for the IG but not in 
the CG (0.7 points, SD 1.49, p = 0.285). No statistical differences were observed between groups for the remaining 
variables.

Conclusions The use of HANK exoskeleton in clinical settings is safe and well‑tolerated by the patients. Patients 
receiving treatment with the exoskeleton improved their walking independence as measured by the WISCI‑II 
after the treatment.

Keywords Neurological rehabilitation, Spinal cord injury, Robotic exoskeleton, Walking

*Correspondence:
Ángel Gil‑Agudo
amgila@sescam.jccm.es; amegiag@sescam.jccm.es
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12984-023-01158-z&domain=pdf


Page 2 of 11Gil‑Agudo et al. Journal of NeuroEngineering and Rehabilitation  (2023) 20:36

Background
One of the most limiting consequences of spinal cord 
injury (SCI) is the complete or partial paralysis of the 
lower limbs. Still, independent from the severity of the 
spinal injury, the time after lesion, or age at the time 
of injury, the restoration of walking is given high pri-
ority by subjects with SCI [1, 2]. Therapies for reha-
bilitation of walking ability after SCI aim at exploiting 
neural plasticity while providing strength training of 
the remaining active muscles and optimizing functional 
compensating strategies [3]. Intensive stepping train-
ing can activate the neural circuits responsible for the 
generation of rhythmic patterns of movement or CPG 
[17]. This activation can induce plastic changes both at 
the level of the spinal cord and in the motor-sensory 
cortex in people with incomplete spinal cord injury, if 
the activation, thus the stepping training, is maintained 
sufficiently over time [4–6]. Furthermore, repetitive 
and task-specific training promotes simultaneous acti-
vation of sensory and motor pathways that can select 
and reinforce spinal circuits, thus improving the ability 
to perform the practiced movement successfully [7, 8].

Functional walking rehabilitation has therefore to 
be intensive and task-oriented. Robotic devices were 
developed more than 20  years ago to allow for inten-
sive, weight-bearing, stepping training with precise 
movement control [9, 10]. However, there is still no 
solid evidence about the superiority of robotic rehabili-
tation over conventional therapy [11–16]. The training 
environment provided through robotic trainers alter, 
or even remove, important factors for rehabilitation 
-e.g. full limb loading during stance, visual and vestibu-
lar inputs amongst others-. This non-realistic training 
environment has been listed as one of the several fac-
tors that might explain why walking outcomes are not 
proportional to the intensity of treatment [17].

In this sense, ambulatory robotic exoskeletons have 
been proposed in the last decade to provide task-spe-
cific, ambulatory overground walking training, mainly 
in incomplete SCI patients that have improvement 
prognosis. In contrast to robotic trainers, robotic exo-
skeletons may optimally challenge the patient in the 
domains of balance and physical exercise, while pro-
viding walking-consistent visual and functional feed-
back. The safety and comfort of robotic exoskeletons 
as a rehabilitation tool have been previously assessed 
in patients with acute and chronic SCI [18–23], ena-
bling safe walking while reducing energy expenditure 
compared to passive bracing in patients with thoracic 
injuries [15, 24]. Still, the robustness and technologi-
cal maturity of these devices is improving continuously, 
although the protocols and clinical indications for their 
use have not evolved so quickly.

While some studies have reported improvements in 
some functional and spatial–temporal variables of walk-
ing (i.e. gait speed), the literature concerning the walking 
outcomes due after a rehabilitation program with robotic 
exoskeletons is nowadays limited and nonconclusive. 
One of the main rationales is related to the differences 
in interventions (robot type and control, treatment time, 
and the number of sessions), which makes it difficult to 
obtain a clinically reliable conclusion [25]: most of the 
reported studies have been conducted on small samples 
and with quite heterogeneous protocols [26]. To date, the 
study carried out on the largest patient sample with SCI 
is that on exoskeletons manufactured by Ekso Bionics 
[24, 27], in which gait training was assessed in different 
sub-groups of a heterogeneous SCI population.

Currently, one of the main issues to be addressed is 
whether walking training with robotic exoskeletons gen-
erates improvements in the person’s walking ability, and 
what device-related rationales are responsible for the 
outcomes. In this article, we present the results of a pro-
spective, randomized, and comparative study conducted 
to assess the clinical efficacy of a novel robotic lower-
limb robotic exoskeleton named HANK. While the main 
features of this exoskeleton are similar to others available 
on the market or tested in similar studies, there are slight 
differences that justify the present study. We also provide 
evidence on the impact of delivering walking training 
with this kind of technology in incomplete SCI patients, 
contributing to answering the fundamental question 
related to the outcomes of robotic walking rehabilitation 
conveyed with exoskeletons [28, 29]. Therefore our objec-
tives were: (1) to assess the safety and adherence to the 
robotic-assisted walking training as provided with the 
HANK exoskeleton by individuals with incomplete SCI, 
and (2) to assess the changes in walking function after a 
training program with HANK exoskeleton compared to 
traditional walking therapy in patients with non chroni-
cal condition. The hypothesis was that the treatment with 
the exoskeleton would provide better functional walking 
outcomes than traditional overground gait therapy.

Methods
A prospective, randomized, comparative study was car-
ried out (Fig. 1) in which all the data was collected and 
analyzed following CONSORT (Consolidated Standards 
of Reporting Trials) guidelines for randomized trials of 
nonpharmacological treatments [30]. The evaluator was 
blinded and the participants were recruited via non-
probabilistic convenience sampling and were randomly 
distributed into the two study groups: exoskeleton gait 
training (intervention group, IG) or traditional gait train-
ing (control group, CG). Randomization was performed 
using Randomizer.org. The present study was approved 
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by the local Ethical Committee in Hospital Virgen de la 
Salud of Toledo, Spain (Ref. No. 39; 07/02/2007) and con-
forms to the Helsinki Declaration of 1975, as revised in 
2020. The clinical trial was registered at ClinicalTrials.
gov (NCT03477123). Initially, this study was registered 
for Exo-H2 but finally, we chose to perform the study 
using an improved version of the device named “HANK”. 
As explained below, the improvements only related to the 
mechanical design of the gearboxes and the device’s elec-
tronics, remaining the mechanical structure and control 
unchanged. Therefore, from the treatment perspective, 
both Exo-H2 and HANK exoskeletons are completely 
equivalent.

HANK exoskeleton
The HANK exoskeleton (Gogoa Mobility Robots SA, 
Spain) is an updated version of Exo-H2 exoskeleton, pre-
viously described and studied in patients with stroke [31] 
and incomplete SCI [32]. Modifications were introduced 
to Exo-H2 that led to HANK, involving some improve-
ments. Indeed, HANK’s ankle, knee and hip actuators 
are now more compact (see 1 in Fig.  2), and the physi-
cal interface features 3D-printed rigid cuffs with padding 
for the leg and thigh that are tightened with straps and 
magnetic locks (see 2 in Fig.  2). Left and right legs are 
connected to a rigid backpack (see 3 in Fig. 2) via a flex-
ible structure that allows it to bend in the coronal planes, 

hence it can be adapted to different pelvis widths while 
retaining sufficient stiffness in the sagittal and frontal 
planes (see 4 in Fig.  2). The backpack contains the bat-
tery, the main microprocessor and the communications 
electronics. The control interface is based on software 
implemented on an Android tablet, which connects via 
Bluetooth to the main controller. The guidance force can 
be set as a percentage, ranging from 100% as completely 
rigid position control to 0% with free movement. While 
this might allow setting the optimum assistance to the 
specific patient capacity to, hypothetically, provide the 
best outcome [33], there are no clinical guidelines stating 
the criteria to set and modulate guidance force related 
to either patient capacity or progression during therapy. 
Therefore, and in line with several studies, we set the 
guidance to 100% providing rigid trajectory guidance.

Participants
This clinical study focused on individuals with incomplete 
SCI less than 1 year since injuy. The cohort was recruited 
at the National Hospital for Paraplegics (Toledo, Spain) 
and the eligibility criteria were: age between 16 and 
70  years old; C2-L4 level of injury; severity (American 
Spinal Cord Injury Association Impairment Scale [AIS] 
C or D); time since injury less than 12  months; enough 
strength in the upper limbs necessary to handle a walker 
or crutches (triceps brachial muscle balance ≥ 3); the 

Fig. 1 CONSORT flow diagram
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capacity to tolerate standing; spasticity in lower limb 
muscles ≤ 2 according to the Modified Ashworth scale; 
and signing of informed consent. Participants were 
excluded if they were pregnant or had: any other neuro-
logical condition apart from SCI; a recent lower extrem-
ity fracture (less than 1 year); irreducible contracture or 
arthrodesis in the lower limb joints; ulcers sores at the 
contact points with the exoskeleton. Although to facili-
tate recruitment, the age range of the inclusion criteria 
was very wide, most of the subjects were between 33 and 
59 years old except 4 who were 19, 23, 64 and 71 bearing 
the heterogeneity of the cohort.

Intervention procedures
The IG training protocol consisted of 15 robotic ambu-
latory gait training sessions, each session lasting 30 min. 
Three sessions were performed on non-consecutive days 
each week for 5 consecutive weeks. The total duration 
of each session was about 1 h, which included 20 min to 
put on and remove the exoskeleton, 30 min for the walk-
ing training, 5 min of rest and 5 min to register the vari-
ables assessed. The training was conducted indoors on a 
smooth level surface in the physiotherapy room. External 
support was always used depending on the participant’s 
functional status, preferences, and ability: parallel bars, 
walker or two crutches. Besides, a researcher -physi-
otherapist- provide contact guarding, and another -engi-
neer- was in charge of the exoskeleton control. Feedback 
was provided to patients of the IG during the sessions, 

were instructed on maintaining their walking pace. After 
the sessions, we provided feedback regarding the distance 
walked. The CG rehabilitation program was comprised 
of 15 sessions, 30 min. long, of a traditional gait training 
program (analytical mobilization, strengthening exercises 
for the lower limbs and gait re-education when possible 
using parallels), distributed similarly as in the IG: 3 ses-
sions each week for 5 weeks. Neither the participants in 
the IG group nor those in the CG group modified their 
usual medications or the rehabilitation programs during 
the study. In other words, both the IG and the CG groups 
received additional walking treatment due to their par-
ticipation in the study.

Outcome variables
Safety was closely monitored during the study. It was 
assessed by registering and analyzing any adverse event, 
particularly those related to skin lesions, falls and pain. 
The participants’ skin was inspected before and after 
each session based on the US National Pressure Ulcer 
Advisory Panel and European Pressure Ulcer Advisory 
Panel pressure ulcer classification system [34]. After each 
training session, a Visual Analogue Scale (VAS, 0–10 cm) 
was used to record the pain and fatigue perceived during 
the session [35]. Feasibility and adherence to the treat-
ment were analyzed by recording the number of partici-
pants who completed the treatment, along with the pain 
and fatigue.

Fig. 2 HANK exoskeleton; a oblique view, b lateral view, c HANK exoskeleton on a patient carrying two crutches; (1) actuators, (2) attachment 
and fitting, (3) backpack tat containing battery, main microprocessor and the communication electronics connects, (4) flexible arm for adaptation 
to pelvis, (5) force‑sensing‑resistors for measuring foot‑floor contact
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Clinical and functional data were measured at base-
line and end of the training period (post-intervention), 
without the exoskeleton by another physiotherapist 
than those who conducted the treatment. The severity 
and level of SCI were determined through neurological 
examination according to the International Standards for 
Neurological Classification of Spinal Cord Injury (ISNC-
SCI) [36]. The Lower Extremity Motor Score (LEMS) [37] 
was used as an outcome measure rather than the total 
upper and lower extremity motor ability [38, 39]. The 
performance of all participants in the following tests was 
evaluated: 10 Meter Walking Test (10MWT) [40], Timed 
Up and Go (TUG) [41], 6 Minute Walking Test (6MWT) 
[40], Walking Index for SCI (2nd version: WISCI-II) [42], 
and Spinal Cord Independence Measure-III (3 version: 
SCIM-III) [43].

Statistical analysis
Statistical analyses were performed using the commer-
cial IMB SPSS v22 software package (IBM Corporation, 
Armonk, NY).The sample size was calculated based 
on the LEMS score as the main variable, considering a 
mean difference of 8.2 and a standard deviation of 10 
that was obtained from a pilot study [32]. To achieve 
a Type I error (α) of 0.05 and a power of 80% a sample 
size of 24 subjects in each group is needed. The homo-
geneity between the groups in terms of age, gender, 
time since injury, WISCI-II and LEMS was evaluated 
with a Levene´s test for equality of variances. A two-
way repeated-measures ANOVA, with the “time” fac-
tor (baseline and post-intervention) and the “group” 

factor (IG and CG groups), was performed to compare 
differences in the motor score (LEMS) and the func-
tional gait variables (10MWT, TUG, 6MWT, WISCI-
II and SCIM-III). The Greenhouse–Geisser correction 
was applied to correct for non-sphericity, and a Bon-
ferroni post-hoc multiple comparison test was used to 
highlight specific differences between evaluation time 
and groups. Participants who did not complete the 
study were not included in the statistical analysis. A 
p-value ≤ 0.05 was considered statistically significant.

Results
The eligibility criteria were met by 23 participants with 
incomplete SCI within the recruitment period: 12 out 
of the 23 were randomly allocated to the IG and 11 of 
the 23 to the CG. We experienced a slow recruitment 
rate due to different but common reasons [44] and 
reached the time limit stated by our financial spon-
sorship, and therefore had to stop the study with-
out reaching the number of participants (48, 24 per 
group). Besides, we had 2 drop-outs due to rationales 
not related to the study: one had urine infection and 
another was discharged before finalizing the study. 
Therefore, 21 participants completed the study protocol 
and were considered for analysis. The demographic and 
clinical characteristics of the participants are shown in 
Table  1. The majority of our patients were less than 6 
months post-injury. Both groups were homogeneous 
for age, gender, time since injury, injury level, AIS scale, 
LEMS and WISCI-II (Table 1).

Table 1 Patients´ baseline characteristics

Variables are expressed as mean (SD). (n), number of participants able to finish the study

AIS: American Spinal Injury Association Impairment Scale; LEMS: Lower Extremity Motor Scale; WISCI‑II: Walking Index for Spinal Cord Injury II. *p ≥ 0.05

Characteristic Intervention group (IG) Control group (CG) Levene’s test value (p-value)

Age 41 (12.39) 51.8 (11.93) F = 0.11 (p = 0.74)

Sex

 Male 7 8 F = 0.12 (p = 2.65)

 Female 4 2

Injury level

 C2–C8 0 1 F = 0.55 (p = 0.47)

 T1–T6 4 1

 T7–L1 4 5

 L2–L4 3 3

AIS

 C 8 4 F = 1.26 (p = 0.27)

 D 3 6

Time since injury (months) 4.82 (1.3) 5.55 (2.3) F = 2.17 (p = 0.16)

LEMS (0–50) 27.82 (11.09) 33.3 (7.63) F = 0.9 (p = 0.36)

WISCI‑II (0–20) 11.91 (4.25) 11.7 (3.8) F = 0.03 (p = 0.87)
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Safety, feasibility, pain and fatigue
No participants experienced a fall during the study, yet 
two IG participants suffered mild skin erythema in the 
tibia contact zone during the first session that was related 
to the strap. This issue was resolved by adding padding to 
the specific zones and the lesions disappeared within one 
day. In addition, mild neck and shoulder muscle pain was 
reported 24 h after the training session in 6 IG patients, 
which was probably related to the use of walking aids. 
Concerning the pain and fatigue perceived after each IG 
session, the participants rated the pain as 1.8 (SD 1.0) cm 
and the fatigue as 3.8 (SD1.7) cm in a VAS (0–10 cm).

Effects on LEMS
The two-way ANOVA showed significant differences for 
the “time” factor in LEMS (F = 19.9, p < 0.001) but not for 
the “group” factor (F = 0.16, p = 0.69) and for the “time-
group” interaction (F = 0.5, p = 0.4). A post-hoc pair-
wise comparison with Bonferroni correction showed a 

significant increase in the LEMS score after the interven-
tion of 4.4 (SD 5.4) points in the IG (p = 0.003, η2 = 0.45) 
and of 3 (SD 2.7) points in the CG (p = 0.04, η2 = 0.45: see 
Table 2), although no differences were found between the 
groups (p = 0.27, η2 = 0.03).

Effects on the functional scales
The functional outcomes at baseline and post-interven-
tion were assessed (Table  3 including effect size), and a 
two-way ANOVA showed significant differences for the 
“time” factor in the 10MWT (F = 15.54, p < 0.001, TUG 
(F = 36.37, p < 0.0001) and 6MWT (F = 17.0, p < 0.001), 
yet no significant differences were found for the “group” 
factor (10MWT: F = 0.16, p = 0.69; TUG: F = 0.0, p = 0.99; 
6MWT: F = 0.1, p = 0.76) and for the “time-group” inter-
action (10MWT: F = 0.72, p = 0.4; TUG: F = 3.5, p = 0.08; 
6MWT: F = 0.6, p = 0.45). The walking speed increased 
0.2 m/s (SD 0.2) in the IG (p < 0.05) and 0.1 (SD0.17) m/s 

Table 2 Lower extermity motor score (LEMS) assessment

CG: control group; IG: intervention group; *significant differences (p < 0.05). η2: calculated effect size

Intervention Mean (SD) Pairwise comparison (P-value, η2)

Baseline Post-intervention Change Baseline vs. Post-
intervention

IG vs. CG

IG 27.82 (11.09) 32.27 (9.3) 4.45 (5.37) 0.00*, η2 = 0.45 0.268, η2 = 0.03

CG 33.3 (7.63) 36.3 (7.24) 3 (2.66) 0.04*, η2 = 0.45

Table 3 Functional outcomes following exoskeleton training or convectional training, and comparison among times and 
interventions

CG: control group; IG: intervention group; *significant differences (p < 0.05). η2: calculated effect size. 10MWT: 10 Meters Walking Test; TUG: Test Up and Go; 6MWT: 6 
Minutes Walking Test; WISCI‑II: Walking Index Spinal Cord Injury‑II; SCIM‑III: Spinal Cord Independence Measurement‑III

Intervention Mean (SD) Pairwise comparison (p-value, η2)

Baseline Post-intervention Change Baseline vs. Post-intv IG vs. CG

IG

 10MWT (m/s) 0.34 (0.16) 0.57 (0.41) 0.19 (0.16) 0.03*, η2 = 0.39 0.69, η2 = 0.04

 TUG (s) 40.50 (19.70) 27.3 (15.57) − 13.23 (7.71) 0.00*, η2 = 0.63 0.99, η2 = 0.16

 6MWT (m) 114.67 (71.21) 183.56 (133.10) 68.79 (67.55) 0.00*, η2 = 0.43 0.75, η2 = 0.03

 WISCI‑II
(0–20)

8.36 (3.98) 11.91 (4.25) 3.54 (2.65) 0.00*, η2 = 0.60 0.00*, η2 = 0.32

 SCIM‑III
(0–100)

73.54 (7.76) 75.72 (10.05) 2.18 (3.37) 0.03*, η2 = 0.23 0.90, η2 = 0.01

CG

 10MWT (m/s) 0.41 (0.22) 0.52 (0.36) 0.12 (0.17) 0.04*, η2 = 0.21

 TUG (s) 37.37 (20.38) 30.42 (20.20) − 6.9 (7.22) 0.01*, η2 = 0.33

 6MWT (m) 110.95 (72.16) 159.05(125.50) 48.10 (48.58) 0.02*, η2 = 0.27

 WISCI‑II
(0–20)

11.7 (3.8) 12.40 (4.45) 0.7 (1.49) 0.28, η2 = 0.05

 SCIM‑III
(0–100)

73.8 (5.49) 76.3 (6.10) 2.4 (2.7) 0.02*, η2 = 0.24
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CG (p < 0.05), while the TUG improved significantly after 
intervention in both groups. The time necessary to carry 
out the test decreased 13.2 (SD 7.7) sec in IG (p < 0.0001) 
and 6.9 (SD 7.2) sec in the CG (p < 0.01). By contrast, 
there was a significant increase in endurance after the 
intervention for the 6MWT in both groups, with a 68.8 
(SD 67.6) meters increase in the IG (p < 0.01) and a 48.1 
(SD 48.6) meters increase (p < 0.05) for the CG group. 
However, no significant differences were evident between 
the groups (IG and CG) for any of these functional vari-
ables (p < 0.05).

Significant differences in the WISCI-II were also 
observed for the “group” factor (F = 16.75, p < 0.001) and 
“group-time” interaction (F = 8.87; p = 0.01). Indeed, the 
post-hoc analysis revealed a significant increase of 3.5 
(SD 2.65) points after intervention in the IG (p < 0.0001) 
but not in the CG when compared to the CG (0.7, SD 1.5 
points; p = 0.285). WISCI-II details are shown in Table 4. 
Regarding the SCIM-III (Table  3), significant differ-
ences were found for the “time factor” (F = 11.6, p < 0.01) 
but not for the “group factor” (F = 0.36, p = 0.86) and for 
“time-group” interaction (F = 0.36, p = 0.87). Indeed, 

the post-hoc analysis revealed a significant increase in 
the global independence of 2.2 (SD 3.4) points in the IG 
(p < 0.05) and 2.4 (SD 2.7) points in CG (p < 0.05). How-
ever, no significant differences were found between the 
groups after the intervention (p = 0.90).

Discussion
This article reports the results of a prospective, rand-
omized, comparative clinical study, blinded to the evalua-
tors conducted in a sample of individuals with incomplete 
SCI less than 1 year since injury to: (1) assess the safety 
and adherence to the robotic-assisted walking training as 
provided with of the device HANK exoskeleton by indi-
viduals with incomplete SCI; and (2) assess the changes 
in walking function after a training program with the 
robotic exoskeleton compared to traditional walking 
therapy. We hypothesized that the treatment with the 
exoskeleton would provide better functional walking out-
comes than traditional overground gait therapy. To our 
knowledge, we present the first results of the effects on 
walking outcomes after training with robotic exoskel-
etons in SCI individuals less than 1 year since injury.

Table 4 WISCI II outcomes and technical aid used in functional gait test (10MWT, TUG, 6MinWT) at baseline and post‑intervention 
time

CG: control group; IG: intervention group; *change of assistive device from pre‑ to post‑intervention

10MWT: 10 Meters Walking Test; TUG: Test Up and Go; 6MWT: 6 Minutes Walking Test; WISCI‑II: Walking Index Spinal Cord Injury‑ II

Group Participant Baseline assessment Post-intervention assessment

Use of devices Braces Physical 
assistance

WISCI II Score Use of devices Braces Physical 
assistance

WISCI II Score

IG 1 Walker* No No 13 Two crutches* No No 16

2 Parallel Yes One person 3 Parallel No No 4

3 Walker Yes One person 6 Walker No No 13

4 Two crutches No No 16 Two crutches No No 16

5 Parallel No One person 4 Parallel No No 5

6 Walker Yes One person 6 Walker No No 13

7 Walker* Yes No 8 Two crutches* No No 16

8 Two crutches* Yes No 12 One crutch* Yes Yes 15

9 Walker Yes One person 6 Walker Yes One person 6

10 Walker * Yes No 9 Two crutches* Yes No 12

11 Walker* Yes No 9 Two crutches* Yes No 12

CG 1 Walker Yes One person 6 Walker Yes One person 6

2 Walker Yes One person 6 Walker Yes One person 6

3 Walker Yes No 9 Walker Yes No 9

4 Two crutches No No 16 Two crutches No No 16

5 Two crutches No One person 11 Two crutches No One person 11

6 Two crutches No No 16 Two crutches No No 16

7 Two crutches Yes No 12 Two crutches No No 16

8 Two crutches* No No 16 One crutch* No No 19

9 Walker No No 13 Walker No No 13

10 Two crutches Yes No 12 Two crutches Yes No 12
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Although we estimated 24 individuals per group, we 
managed to recruit 23 and analyze 21 subjects. However, 
we present the available data, and our interpretation is 
unlikely to introduce bias because we did not conduct 
any interim analysis [45].

No serious adverse effects were found. Only a small 
number of skin issues were registered, and no partici-
pants withdrew from the study due to the use of the exo-
skeleton. All the clinical and functional variables assessed 
improved after treatment in both groups, although the 
WISCI-II improvement was greater in participants 
trained with the robotic exoskeleton. As it will be dis-
cussed below, this result has an important implication 
regarding the improvement mechanisms underlying the 
use of ambulatory robotic exoskeletons.

The HANK exoskeleton introduces some improve-
ments with respect to the preceding Exo-H2 exoskeleton, 
the latter proved its feasibility to provide walking assis-
tance in a sample of stroke individuals with preserved 
walking ability [31]. Furthermore, HANK exoskeleton 
shares most of its with other available exoskeletons e.g. 
active actuation of joint flexion/extension while restrict-
ing movement in the remaining degrees of freedom. 
Nevertheless, there are slight differences. Firstly, HANK 
is one of the few exoskeletons featuring active actua-
tion at the ankle joint, although the potential effects on 
walking. Besides, small differences in structure design, 
strapping methods, actuator technology, sensors, and 
controller might influence the results. While there is 
still controversy regarding the clinical effectiveness 
of robotic-mediated rehabilitation interventions with 
respect to comparable, non-robotic interventions, our 
study, with all the similarities and dissimilarities, does 
neither aim to answer this big question nor test whether 
these small differences may cause different outcomes, but 
to add evidence on the impact of similar technology and 
treatment in a similar sample population, contributing to 
answering the fundamental question related to the out-
comes of robotic walking rehabilitation conveyed with 
exoskeletons [28].

Here, we also demonstrate the feasibility of HANK to 
provide walking therapy in light of the changes in walk-
ing function in a sample of incomplete SCI individu-
als. The inclusion criteria focused on individuals with 
SCI less than 12  months since injury, not least because 
changes in the neurological situation can be expected 
and the effect of any therapy may be enhanced. In fact 
most of the patients were less than 6 months post injury. 
This supports the idea that the exoskeleton can be used 
to achieve better results in early gait rehabilitation. The 
optimal timing of treatment with exoskeletons, the dura-
tion and the protocols have yet to be defined. A recent 
study using an exoskeleton for gait training on acute SCI 

was yet focusing more on safety and feasibility than on 
neurological changes [19].

All of the participants except 2 completed the 15 train-
ing sessions, and these two withdrawals were not related 
to the intervention. In terms of the feasibility and adverse 
events, our results were similar to other studies [19, 27, 
46, 47]. No swollen joints were observed during the train-
ing program, as occurred in previous studies [19, 27, 46] 
and only two participants in our cohort reported skin 
issues in contact areas that were rapidly resolved between 
the sessions. These data were similar to those reported 
with Ekso and Rewalk exoskeletons [19, 27, 47], yet better 
than those found elsewhere [46]. No falls occurred in our 
cohort, as seen in other experiences [19], however, some 
cases of pain in the neck and shoulder were reported as 
an eventual adverse event, probably more directly related 
to the musculoskeletal effort required when using tech-
nical aids for walking. None of the patients demanded a 
change on the external support, although all increased 
their ability of walking with the exoskeleton. Although 
in few cases it would have been possible to change the 
external support, we decided to maintain it to maximize 
the number of steps during the therapy: increasing the 
challenge due to the external support would had result in 
an increase of patient’s fatigue and therefore a decrease 
on the number of steps. Besides, there is no clear evi-
dence regarding when to transition from one external 
support to another (e.g., walker to two crutches) in the 
framework of exoskeleton walking therapy. Therefore, we 
can conclude that providing walking therapy the HANK 
exoskeleton is safe and feasible.

The overall pain and fatigue perceived here were 
recorded during robotic gait training through a VAS scale 
[19, 20]. A VAS is considered a valid measure to assess 
subjective perception and symptoms [35]. Self-perceived 
pain by participants during the sessions with HANK was 
rated lower than 3  cm on VAS scale (0–10  cm), which 
could therefore be considered as mild pain [35]. Fatigue 
was somewhat higher but still less than 4 cm and hence, 
it could be interpreted as moderate fatigue [35]. These 
results are consistent with other studies [18, 19, 27, 48] 
although several of them used Rate of Perceived Exertion 
on the Borg Scale.

As in previous studies [19, 20, 27, 46, 47, 49, 50] we 
found relevant improvements in LEMS and gait func-
tional scales (10MWT, TUG and 6MWT) for the 
participants of both the IG and CG. As such, exoskele-
ton-driven walking therapy is apparently as effective than 
conventional walking treatment if these variables alone 
are considered. The only parameter that improved sig-
nificantly in the IG was the WISCI-II. Although WISCI-
II is considered to be less sensitive to changes in gait 
function than the 10MWT and TUG in incomplete SCI 
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[51], significantly greater improvements in WISCI-II 
were produced in the IG than in the CG, suggesting an 
improvement in walking ability. It means that impair-
ment in IG was lower than CG after training with exo-
skeleton because WISCI-II’s levels reflect the severity of 
underlying impairment rather than the need for physical 
assistance, walking aids or braces [39]. It is well known 
the relationship between the severity of the impairment, 
reflected in the strength of leg muscles (LEMS) and the 
WISCI-II in subjects with SCI [37]. However no statis-
tical significance was found for LEMS between both 
groups in our sample. So, this finding might suggest that 
training with the exoskeleton improves balance abil-
ity during walking. Given that robotic exoskeletons do 
not allow to maintain balance during walking, the use of 
external support devices is mandatory, which requires 
considerable effort to maintain balance during walk-
ing. Exoskeletons are indeed the only devices suitable 
for such intervention: passive orthoses require excessive 
energy, limiting the therapy time, and are prone to upper 
limb lesions. In our opinion, the main finding of our 
study is that the use of robotic exoskeletons for walking 
training indeed improves walking ability by promoting 
compensating and balance-related strategies, which can 
explain the WISCI-II improvement. Nevertheless, we did 
not measure other variables that could further explain 
this hypothesis—such as upper limb movement, bal-
ance, and/or EMG. Together, while participants in both 
the IG and CG group were able to walk faster (10MWT) 
and longer (6MWT), those in the IG needed less exter-
nal assistance (WISCI-II). Nevertheless, the use of the 
exoskeleton has other disadvantages such as the time it 
takes to put it on, set the device and take it off, the high 
cost, the need for trained personnel, the batteries short 
life, etc. However, the cost–benefit analysis of this kind 
of technology and application is out of the scope of the 
article. We included neurological levels C2-L4 assuming 
that individuals with upper (UMN) and lower motor neu-
ron (LMN) injury could be incorporated. It has been pre-
viously reported that patients with UMN and LMN can 
benefit from their gait training with robotics systems [52, 
53] considering that functional improvements could not 
be exclusively accounted for by spinal circuitry responses 
to sensory input but rather than muscle strengthening 
play a fundamental role in individuals with incomplete 
SCI. Both aspects can be addressed by therapy with exo-
skeletons. Several questions remain still unanswered, 
such as what are the dose-time effects on walking abil-
ity, which criteria are best suited to design exoskeleton-
driven walking therapies, and specifically, how and when 
to progress from parallel bars to a walker and then to 
crutches, or the impact of practicing advanced walk-
ing skills. One strength of this study is that we included 

participants with a specific condition (recent SCI, less 
than 1 year), trying to clarify the best indications for exo-
skeletons training.

Study limitations
There were some limitations to the present study. Firstly, 
we did not set guidance force and step initiation detection 
specifically for each patient. Adapting robot guidance to 
the actual walking capacity of the patient, in other words 
to the patient’s movement as needed (Assist-as-Needed, 
AAN [54]), was proposed soon after robots for walking 
assistance were proposed, upon the Challenge Point The-
ory [54]. However, despite all the research effort made 
by the community, there is no evidence on how to adapt 
robot guidance to optimize the therapy [33]. Assessing 
the optimal level of assistance to provide during walking 
therapy requires measuring the actual walking capacity 
of the patient, which depends on several factors. Some of 
them can be estimated (e.g., joint force production from 
EMG readings), but some others are very difficult to esti-
mate (e.g., impact of central fatigue or patient motivation 
on muscle force production). Some studies have pro-
posed implementations of the AAN paradigm based on 
estimates of muscle fatigue [55], model-based estimates 
of lower limb biomechanics [56], or simply user-exo-
skeleton force interactions [57]. Nevertheless, contrary 
to inducing optimal assistance, implementations of the 
AAN paradigm have proven to induce "slacking" [58]. We 
still believe that a correct implementation of the AAN 
that provides optimal assistance to the patient’s walking 
capacity would result in better therapeutic outcomes, but 
besides improving the estimates of the motor capacity 
and the effect of the impairment (muscle fatigue, com-
plex and accurate neuromusculoskeletal models to esti-
mate patient walking capacity, etc.), other factors should 
be also accounted for, and introduced into the calculation 
of the guidance (central fatigue, motivation, biomechani-
cal and neural complexity, etc.). In this sense, next com-
ing research will investigate how to optimize the device 
to actual patient functional requirements [58].

The sample size was not adequate since we estimated 
24. Besides, no stratification based on the time since 
the injury or the level of injury could be made. The IG 
appears to be younger with a shorter injury duration, 
which could potentially favor more change. However, 
differences for demographic variables did not reach sta-
tistical significance. This could also be attributable to 
the limited study size. Another limitation, no follow-up 
evaluation after 6  months was registered. Furthermore, 
the recruitment period and the number of training ses-
sions were limited due to logistics and time constraints. 
Likewise, it was not possible to carry out a multi-center 
study as the exoskeleton is not available at other centers. 
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Finally, we also acknowledge that the intervention could 
not be blinded to the patient, therefore risking a placebo 
effect.

Conclusion
The results of a prospective, randomized, comparative 
study of walking training with the lower limb robotic 
ambulatory exoskeleton HANK, are presented. This 
study provides evidence of its safety and feasibility for 
gait training in patients with SCI less than 1  year since 
injury. We found that both the IG and CG subjects were 
able to walk faster and longer after the training programs, 
yet the IG patients needed less external assistance. In 
the light of these data, the mechanisms responsible for 
the improvements in exoskeleton-driven interventions 
should be confirmed in future multi-center efficacy trials 
with larger sample sizes.

Abbreviations
6MWT  6‑Minute Walk Test
10MWT  10‑Meter Walk Test
AIS  American Spinal Cord Injury Association Impairment
CG  Control group
IG  Intervention group
ISNCSCI  International Standards for Neurological Classification of Spinal 

Cord Injury
LEMS  Lower extremity motor score
SCI  Spinal cord injury
SCIM‑III  Spinal Cord Independence Measure (second version)
TUG   Timed Up and Go
VAS  Visual Analogue Scale
WISCI‑II  Walking Index for Spinal Cord Injury (second version)

Acknowledgements
We acknowledge Mark Shefton for the revision of the English version.

Author contributions
Study conception and design: AJA and AG. Coordination: JLP. Experimental 
procedure: AM, VL. Data extraction: NC, IS. Statistical analysis of the results: 
AMG. Writing manuscript: AG, AM, AJA. Review manuscript: all authors. All 
authors read and approved the final manuscript.

Funding
This work was partially supported by the Institute of Health Carlos III (Spain) 
and co‑funded by FEDER (PI15/01437), as well as the Spanish Ministerio de 
Ciencia, Innovación y Universidades, under the Programa Estatal de Investi‑
gación, Desarrollo e Innovación Orientada a los Retos de la Sociedad (Ref.: 
RTI2018‑097290‑B‑C31).

Availability of data and materials
The dataset analyzed during the current study are available from the cor‑
responding author on reasonable request.

Declarations

Ethics approval and consent to participate
The present study was approved by the local Ethical Committee in Hospital 
Virgen de la Salud (Ref. No. 39; 07/02/2007). We certify that all applicable insti‑
tutional and governmental regulations concerning the ethical use of human 
volunteers.

Consent for publication
Participants give their consent for publication of their image if require.

Competing interests
José L. Pons, Angel Gil‑Agudo and Antonio J. del‑Ama are founding partners of 
Gogoa Mobility Robots S.A.

Author details
1 Biomechanics and Technical Aids Department, National Hospital for Paraple‑
gics, SESCAM, Finca la Peraleda s/n, 45071 Toledo, Spain. 2 Physical Medicine 
and Rehabilitation Department, National Hospital for Paraplegics, SESCAM, 
Toledo, Spain. 3 Neurorehabilitation and Biomechanics Unit (HNP‑SESCAM), 
Associate Unit CSIC, Toledo, Spain. 4 Toledo Physiotherapy Research Group 
(GIFTO), Faculty of Physiotherapy and Nursing, Castilla La Mancha University, 
Toledo, Spain. 5 Legs and Walking Lab, Shirley Ryan Ability Laboratory (Formerly 
Rehabilitation Institute of Chicago), Chicago, IL, USA. 6 Department of Physi‑
cal Medicine and Rehabilitation, Feinberg School of Medicine, Northwestern 
University, Chicago, IL, USA. 7 Department of Biomedical Engineering, McCor‑
mick School of Engineering and Applied Science, Northwestern University, 
Chicago, IL, USA. 8 Department of Mechanical Engineering, McCormick School 
of Engineering and Applied Science, Northwestern University, Chicago, IL, 
USA. 9 Neural Rehabilitation Group, Cajal Institute, Spanish National Research 
Council (CSIC), Madrid, Spain. 10 Rey Juan Carlos University, Electronic Technol‑
ogy Area, Móstoles, Spain. 

Received: 14 March 2022   Accepted: 10 March 2023
Published: 24 March 2023

References
 1. Kang Y, Ding H, Zhou H, Wei Z, Liu L, Pan D, et al. Epidemiology of world‑

wide spinal cord injury: a literature review. J Neurorestoratol. 2018;6:1–9.
 2. Ditunno PL, Patrick M, Stineman M, Ditunno JF. Who wants to walk? Pref‑

erences for recovery after SCI: a longitudinal and cross‑sectional study. 
Spinal Cord. 2008;46:500–6.

 3. van Hedel HJA, Dietz V. Rehabilitation of locomotion after spinal cord 
injury. Restor Neurol Neurosci. 2010;28:123–34.

 4. Li F, Geng X, Huber C, Stone C, Ding Y. In search of a dose: the functional 
and molecular effects of exercise on post‑stroke rehabilitation in rats. 
Front Cell Neurosci. 2020;14:186.

 5. Gassert R, Dietz V. Rehabilitation robots for the treatment of sensori‑
motor deficits: a neurophysiological perspective. J Neuroeng Rehabil. 
2018;15:1–15.

 6. Hubli M, Dietz V. The physiological basis of neurorehabilitation‑locomotor 
training after spinal cord injury. J Neuroeng Rehabil. 2013;10:1–8.

 7. Dietz V, Harkema SJ. Locomotor activity in spinal cord‑injured persons. J 
Appl Physiol. 2004;96:1954–60.

 8. Edgerton VR, Courtine G, Gerasimenko YP, Lavrov I, Ichiyama RM, Fong AJ, 
et al. Training locomotor networks. Brain Res Rev. 2008;57:241–54.

 9. Tefertiller C, Pharo B, Evans N, Winchester P. Efficacy of rehabilitation 
robotics for walking training in neurological disorders: a review. J Rehabil 
Res Dev. 2011;48:387.

 10. Chen G, Patten C. Treadmill training with harness support: Selection of 
parameters. J Rehabil Res Dev. 2006;43:485.

 11. Mehrholz J, Thomas S, Kugler J, Pohl M, Elsner B. Electromechanical‑
assisted training for walking a er stroke. status date New search Stud 
content Updat (no Chang to conclusions), Publ. 2020;

 12. Mehrholz J, Harvey LA, Thomas S, Elsner B. Is body‑weight‑supported 
treadmill training or robotic‑assisted gait training superior to overground 
gait training and other forms of physiotherapy in people with spinal cord 
injury? A systematic review. Spinal Cord. 2017;55:722–9.

 13. Goffredo M, Iacovelli C, Russo E, Pournajaf S, Di Blasi C, Galafate D, et al. 
Stroke gait rehabilitation: a comparison of end‑effector, overground 
exoskeleton, and conventional gait training. Appl Sci. 2019;9:2627.

 14. Fang C‑Y, Tsai J‑L, Li G‑S, Lien AS‑Y, Chang Y‑J. Effects of robot‑assisted gait 
training in individuals with spinal cord injury: a meta‑analysis. Biomed Res 
Int. 2020;2020:2102785.

 15. Lam T, Tse C, Sproule S, Eng JJ. Lower Limb, Balance and Walking Follow‑
ing Spinal Cord Injury.

 16. Cheung EYY, Ng TKW, Yu KKK, Kwan RLC, Cheing GLY. Robot‑assisted train‑
ing for people with spinal cord injury: a meta‑analysis. Arch Phys Med 
Rehabil. 2017;98:2320–31. https:// doi. org/ 10. 1016/j. apmr. 2017. 05. 015.

https://doi.org/10.1016/j.apmr.2017.05.015


Page 11 of 11Gil‑Agudo et al. Journal of NeuroEngineering and Rehabilitation  (2023) 20:36 

 17. Dobkin BH, Duncan PW. Should body weight–supported treadmill training 
and robotic‑assistive steppers for locomotor training trot back to the start‑
ing gate? Neurorehabil Neural Repair. 2012;26:308–17.

 18. Miller LE, Zimmermann AK, Herbert WG. Clinical effectiveness and safety of 
powered exoskeleton‑assisted walking in patients with spinal cord injury: 
systematic review with meta‑analysis. Med Devices. 2016;9:455.

 19. McIntosh K, Charbonneau R, Bensaada Y, Bhatiya U, Ho C. The safety and 
feasibility of exoskeletal‑assisted walking in acute rehabilitation after spinal 
cord injury. Arch Phys Med Rehabil. 2020;101:113–20.

 20. Zeilig G, Weingarden H, Zwecker M, Dudkiewicz I, Bloch A, Esquenazi A. 
Safety and tolerance of the  ReWalkTM exoskeleton suit for ambulation by 
people with complete spinal cord injury: a pilot study. J Spinal Cord Med. 
2012;35:96–101.

 21. Koljonen PA, Virk AS, Jeong Y, McKinley M, Latorre J, Caballero A, et al. 
Outcomes of a multicenter safety and efficacy study of the SuitX phoenix 
powered exoskeleton for ambulation by patients with spinal cord injury. 
Front Neurol. 2021;12: 689751.

 22. Xiang X‑N, Ding M‑F, Zong H‑Y, Liu Y, Cheng H, He C‑Q, et al. The safety and 
feasibility of a new rehabilitation robotic exoskeleton for assisting individu‑
als with lower extremity motor complete lesions following spinal cord injury 
(SCI): an observational study. Spinal Cord. 2020;58:787–94.

 23. Gagnon DH, Escalona MJ, Vermette M, Carvalho LP, Karelis AD, Duclos C, 
et al. Locomotor training using an overground robotic exoskeleton in long‑
term manual wheelchair users with a chronic spinal cord injury living in the 
community: Lessons learned from a feasibility study in terms of recruitment, 
attendance, learnability, perform. J Neuroeng Rehabil. 2018;15:12.

 24. Edwards DJ, Forrest G, Cortes M, Weightman MM, Sadowsky C, Chang S‑H, 
et al. Walking improvement in chronic incomplete spinal cord injury with 
exoskeleton robotic training (WISE): a randomized controlled trial. Spinal 
Cord. 2022;60:522–32.

 25. Dijkers MP, Akers KG, Dieffenbach S, Galen SS. Systematic reviews of clinical 
benefits of exoskeleton use for gait and mobility in neurologic disorders: a 
tertiary study. Arch Phys Med Rehabil. 2021;102:300–13.

 26. Zhang L, Lin F, Sun L, Chen C. Comparison of efficacy of lokomat and wear‑
able exoskeleton‑assisted gait training in people with spinal cord injury: 
a systematic review and network meta‑analysis. Front Neurol. 2022;13: 
772660.

 27. Baunsgaard CB, Nissen UV, Brust AK, Frotzler A, Ribeill C, Kalke Y‑B, et al. Gait 
training after spinal cord injury: safety, feasibility and gait function following 
8 weeks of training with the exoskeletons from Ekso Bionics. Spinal Cord. 
2018;56:106.

 28. Labruyère R. Robot‑assisted gait training: more randomized controlled trials 
are needed! Or maybe not? J Neuroeng Rehabil. 2022;19:58.

 29. Hillary FG, Medaglia JD. What the replication crisis means for intervention 
science. Int J Psychophysiol. 2020;154:3–5.

 30. Boutron I, Altman DG, Moher D, Schulz KF, Ravaud P. CONSORT statement 
for randomized trials of nonpharmacologic treatments: a 2017 update and a 
CONSORT extension for nonpharmacologic trial abstracts. Ann Intern Med. 
2017;167:40–7.

 31. Bortole M, Venkatakrishnan A, Zhu F, Moreno JC, Francisco GE, Pons JL, et al. 
The H2 robotic exoskeleton for gait rehabilitation after stroke: early findings 
from a clinical study. J Neuroeng Rehabil. 2015;12:54.

 32. Gil‑Agudo A, Del Ama‑Espinosa AJ, Lozano‑Berrio V, Fernández‑López A, 
Megía G‑CA, Benito‑Penalva J, et al. Robot therapy with the H2 exoskeleton 
for gait rehabilitation in patients with incomplete spinal cord injry. A clinical 
experience. Rehabilitacion. 2020;54:87.

 33. Guadagnoli MA, Lee TD. Challenge point: a framework for conceptualizing 
the effects of various practice conditions in motor learning. J Mot Behav. 
2004;36:212–24.

 34. Haesler E. National pressure ulcer advisory panel, European pressure ulcer 
advisory panel and pan pacific pressure injury alliance. Prev Treat Press 
ulcers quick Ref Guid. Cambridge Media Perth, Australia; 2014;14–32

 35. Williamson A, Hoggart B. Pain: A review of three commonly used pain rating 
scales. J Clin Nurs. 2005;14:798–804.

 36. Kirshblum SC, Waring W, Biering‑Sorensen F, Burns SP, Johansen M, Schmidt‑
Read M, et al. Reference for the 2011 revision of the international standards 
for neurological classification of spinal cord injury. J Spinal Cord Med. 
2011;34:547–54.

 37. Shin JC, Yoo JH, Jung TH, Goo HR. Comparison of lower extremity motor 
score parameters for patients with motor incomplete spinal cord injury 
using gait parameters. Spinal Cord. 2011;49:529–33.

 38. Alexander MS, Anderson KD, Biering‑Sorensen F, Blight AR, Brannon R, Bryce 
TN, et al. Outcome measures in spinal cord injury: recent assessments and 
recommendations for future directions. Spinal Cord. 2009;47:582–91.

 39. Marino RJ, Graves DE. Metric properties of the ASIA motor score: subscales 
improve correlation with functional activities. Arch Phys Med Rehabil Else‑
vier. 2004;85:1804–10.

 40. Scivoletto G, Tamburella F, Laurenza L, Foti C, Ditunno JF, Molinari M. Validity 
and reliability of the 10‑m walk test and the 6‑min walk test in spinal cord 
injury patients. Spinal Cord. 2011;49:736–40.

 41. Podsiadlo D, Richardson S. The timed “Up & Go”: a test of basic functional 
mobility for frail elderly persons. J Am Geriatr Soc. 1991;39:142–8.

 42. Ditunno JF, Ditunno PL, Scivoletto G, Patrick M, Dijkers M, Barbeau H, et al. 
The Walking Index for Spinal Cord Injury (WISCI/WISCI II): nature, metric 
properties, use and misuse. Spinal Cord. 2013;51:346–55.

 43. Aguilar‑Rodríguez M, Peña‑Pachés L, Grao‑Castellote C, Torralba‑Collados F, 
Hervás‑Marín D, Giner‑Pascual M. Adaptation and validation of the Spanish 
self‑report version of the Spinal Cord Independence Measure (SCIM III). 
Spinal Cord. 2015;53:451–4.

 44. Kasenda B, von Elm EB, You J, Blümle A, Tomonaga Y, Saccilotto R, et al. 
Learning from failure–rationale and design for a study about discon‑
tinuation of randomized trials (DISCO study). BMC Med Res Methodol. 
2012;12:131.

 45. Psaty BM, Rennie D. Stopping medical research to save money: a broken 
pact with researchers and patients. JAMA. 2003;289:2128–31.

 46. Benson I, Hart K, Tussler D, van Middendorp JJ. Lower‑limb exoskeletons for 
individuals with chronic spinal cord injury: findings from a feasibility study. 
Clin Rehabil. 2016;30:73–84.

 47. Esquenazi A, Talaty M, Packel A, Saulino M. The ReWalk powered exoskeleton 
to restore ambulatory function to individuals with thoracic‑level motor‑
complete spinal cord injury. Am J Phys Med Rehabil LWW. 2012;91:911–21.

 48. Food and Drug Administration HHS. Medical devices; physical medicine 
devices; classification of the powered lower extremity exoskeleton; republi‑
cation. Final order; republication. Fed Regist. 2015;80:25226.

 49. Talaty M, Esquenazi A, Briceno JE. Differentiating ability in users of the 
ReWalk TM powered exoskeleton: an analysis of walking kinematics. 2013 
IEEE 13th Int Conf Rehabil Robot. IEEE; 2013. p. 1–5

 50. Aach M, Cruciger O, Sczesny‑Kaiser M, Höffken O, Meindl RC, Tegenthoff M, 
et al. Voluntary driven exoskeleton as a new tool for rehabilitation in chronic 
spinal cord injury: a pilot study. Spine J. 2014;14:2847–53.

 51. Wirz M, Zemon DH, Rupp R, Scheel A, Colombo G, Dietz V, et al. Effec‑
tiveness of automated locomotor training in patients with chronic 
incomplete spinal cord injury: a multicenter trial. Arch Phys Med Rehabil. 
2005;86:672–80.

 52. Esclarín‑Ruz A, Alcobendas‑Maestro M, Casado‑Lopez R, Perez‑Mateos G, 
Florido‑Sanchez MA, Gonzalez‑Valdizan E, et al. A comparison of robotic 
walking therapy and conventional walking therapy in individuals with 
upper versus lower motor neuron lesions: a randomized controlled trial. 
Arch Phys Med Rehabil. 2014;95:1023–31.

 53. Rodríguez‑Fernández A, Lobo‑Prat J, Font‑Llagunes JM. Systematic review 
on wearable lower‑limb exoskeletons for gait training in neuromuscular 
impairments. J Neuroeng Rehabil. 2021;18:1–21.

 54. Riener R, Lünenburger L, Jezernik S, Anderschitz M, Colombo G, Dietz V. 
Patient‑cooperative strategies for robot‑aided treadmill training: first experi‑
mental results. IEEE Trans Neural Syst Rehabil Eng. 2005;13:380–94.

 55. Del‑Ama AJ, Gil‑Agudo Á, Pons JL, Moreno JC. Hybrid FES‑robot cooperative 
control of ambulatory gait rehabilitation exoskeleton. J Neuroeng Rehabil. 
2014;11:1–15.

 56. Taheri H, Reinkensmeyer DJ, Wolbrecht ET. Model‑based assistance‑as‑
needed for robotic movement therapy after stroke. 2016 38th Annu Int 
Conf IEEE Eng Med Biol Soc. IEEE; 2016. p. 2124–7

 57. Duschau‑Wicke A, Caprez A, Riener R. Patient‑cooperative control increases 
active participation of individuals with SCI during robot‑aided gait training. J 
Neuroeng Rehabil. 2010;7:1–13.

 58. Washabaugh EP, Cubillos LH, Nelson AC, Cargile BT, Claflin ES, Krishnan C. 
Motor slacking during resisted treadmill walking: can visual feedback of 
kinematics reduce this behavior? Gait Posture. 2021;90:334–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Exoskeleton-based training improves walking independence in incomplete spinal cord injury patients: results from a randomized controlled trial
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	HANK exoskeleton
	Participants
	Intervention procedures
	Outcome variables
	Statistical analysis

	Results
	Safety, feasibility, pain and fatigue
	Effects on LEMS
	Effects on the functional scales

	Discussion
	Study limitations

	Conclusion
	Acknowledgements
	References


