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Exoskeleton-Assisted Walking for Pulmonary
and Exercise Performances of SCI Individuals

Xiao-Na Xiang , Li-Ming Zhang, Hui-Yan Zong, Yi Ou, Xi Yu, Yan Liu , Hong-Ying Jiang, Hong Cheng,
Hong-Chen He , and Cheng-Qi He

Abstract— Objective: To determine whether exoskeleton-
assisted walking (EAW) improves pulmonary ventilation
function, motor function and related body structure, and
activities equivalently as the conventional exercise program
for people with spinal cord injury (SCI). Methods: Forty
participants (7 females and 33 males; age 37.1±12.0 years)
with thoracic SCI were randomized into two groups and
undertook 16 sessions of 50-60 min training (4 days/week).
Participants in the EAW group received EAW trainings,
such as assisted standing, walking, and climbing the stairs.
The control group received a conventional exercise pro-
gram. Outcomes were measured at baseline and upon
completion of treatment. Results: After trainings, the EAW
group improved more than the control group in the forced
vital capacity (FVC, 0.53 L [0.01–1.06 L]), predicted FVC%
(19.59 [6.63–32.54]) and forced expiratory volume in 1s
(0.61 L [0.15–1.07 L]), basic activities of daily living (BADL)
(19.75 [10.88–28.62]), and distal femoral cartilage. Partici-
pants in the EAW group completed 6-minute walk test with
median 17.3 meters while wearing the exoskeleton. There
was no difference in trunk and lower extremity motor func-
tion, bone mineral density, and adverse events (P > 0.05).
Conclusion: In people with lower thoracic neurological level
of SCI, EAW training has potential benefits to facilitate pul-
monary ventilation function, walking, BADL and thickness
of cartilage comparing to a conventional excise program.
Significance: This study provided more evidence for using
EAW in clinic, and partly proved EAW had equivalent effects
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as conventional exercise program, which may combine with
conventional exercise program for reducing burden of ther-
apists in the future.

Index Terms— Spinal cord injury, exoskeleton, exercise,
pulmonary function, fitness.

I. INTRODUCTION

SPINAL cord injury (SCI) is a worldwide life-disrupting
pathological condition with estimated 17,810 injuries

occurred in the United States in 2017 [1], [2], and 3.5 per
million in the United Kingdom each year [3]. Restoring func-
tions (neuromusculoskeletal and pulmonary function, etc.),
activities of daily living (walk, grasp, lift, etc.), quality of life
and life expectancy post-SCI remain to be medical challenges
[4]. Despite great progress in treatments, it is still difficult
to achieve the recovery of motor that leads to immobility
[5]. Due to accelerated aging, lifestyle factors, and decreased
mobility, even incomplete spinal cord injury lesions as low as
L4 should be considered as risk factors for cardiopulmonary
disability [6]. A longitudinal decline was reported in forced
vital capacity (FVC) and forced expiratory volume in 1 second
(FEV1) [7], that indicates persons with SCI are more likely to
suffer pulmonary capacity deficit [8].

Exercise and Sports Science Australia recommended people
with SCI to undertake a combined exercise program which
contained moderate aerobic exercise (>30min, >5d/week),
moderate strength training and flexibility training (>2d/week)
for maintaining respiratory function, quality of life and
functional independence [9], [10], [11], [12]. However, the
improvements are limited for people with SCI due to lower
extremity motor lesions and training types [13]. Exercise of
upper body limits their maximal exercise capacity and puts
them at a disadvantage compared with leg exercise among
paralympic athletes[14], which might also affect general indi-
viduals with SCI. Hence, a new rehabilitation therapy con-
taining leg exercise is needed for improving the function and
independence of people with SCI.

Exoskeleton-assisted walking (EAW) refers to a robotic suit
worn on the body enabling a person with paralysis to stand
and walk [15], [16], [17], that has been confirmed to help
individuals with thoracic and lumbar SCI to walk safely [18],
[19], [20]. A number of studies [21], [22] has manifested
the EAW can be used a moderate-intensity level of exercise
according to the heart rate, oxygen demand, and rate of
perceived exertion. Besides this, Knezevic et al., [23] reported
EAW training improves oxygen uptake efficiency, such as
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oxygen consumption per unit time. Nevertheless, these clinical
trials were designed as observational studies, and the changes
of pulmonary ventilation function followed by an EAW pro-
gram have not been reported yet. It is unclear that whether
better pulmonary functions caused by EAW training performed
better exercise capacity in walking. There is lack of evidence
that related to the effect of EAW training on respiratory
function, quality of life and functional independence for people
with SCI. Furthermore, the relation between musculoskeletal
function, pulmonary function, and walk ability are not yet
completely understood. Moreover, EAW training is with a
mechanical stimulation that may has effect on bearing bone
and cartilage. Previous studies have inconsistence in effect on
bone mineral density (BMD). Bass et al., [24] reported an
increased risk of fracture, while others [25], [26] not. As for
cartilage, there is lack of clinical study.

Therefore, we conducted a prospective randomized
controlled clinical trial to determine whether EAW train-
ing provide equivalent benefits on the physical function
(pulmonary ventilation and musculoskeletal function) and
related body structure, fitness, and activities to those obtained
in a conventional exercise program among individuals
with SCI.

II. METHODS

A. Ethics Approval

This randomised controlled study was designed in accor-
dance with the Consolidated Standards of Reporting Trials
Guidelines and received approval from the Ethics Committee
of West China Hospital of Sichuan University. This study
was registered at the Chinese Clinical Trial Registry with the
following identifier: ChiCTR2000034623. Participants gave
written informed consent according to the 1964 Declaration
of Helsinki prior to their participation.

B. Participants

From July 2020 to March 2021, we prospectively enrolled
all individuals aged between 15 and 65 years with a SCI
between T4 and L1 at least 1 month. Participants were
recruited from inpatients in 3 units of Rehabilitation cen-
tre, West China Hospital, Sichuan University. In addition,
the eligible individuals met the following inclusion criteria:
(1) American spinal injuries association impairment scale
(AIS) [27] classified with A, B or C, (2) the height was
between 1.50 meters and 1.85 meters and (3) stopped smoking
for over 6 months.

The exclusion criteria were: (1) spasticity of any lower
extremity muscle scored over 2 according to the Modified Ash-
worth Scale [28], (2) unstable fracture, (3) previous experience
with EAW, (4) hypertension, (5) severe osteoporosis (bone
mineral density with a T-score < -3.5), (6) any respiratory
or other neurological diseases, (7) overweight (> 100 Kg).

C. Sample Size

As for the sample size calculated by G∗power version
3.1.9.6 (HHU, German), a pilot study [29] was performed for

determinizing the effect size (1.04) of primary outcome (FVC).
It was calculated that at least 16 participants were required for
each group according to a significance level of 0.05 and study
power of 80%. The final sample size was 40 participants when
considered the rate of dropping out as 20%.

D. Randomization and Masking

This was a single-blinded, randomized controlled efficacy
trial with 2 parallel groups and intention-to-treat analysis.
After researchers confirmed the eligibility, the individuals were
randomly divided into one of two groups in a 1:1 ratio by sim-
ple randomization method, using a computer-generated simple
random table. The sequences were preserved using closed
envelop method by one researcher who was not involved in
the trainings or assessments. Clinical data except walking
parameters were measured at baseline and post-training by
two clinical researchers who were blinded and did not know
the group to which each participant belonged. Walking para-
meters were assessed by two researchers who participated in
EAW trainings or the conventional program. Clinical data was
recorded after averaging.

E. Interventions

All participants were received 16 sessions of exercise train-
ing for 50 to 60 minutes per session, 1 session per day,
4 sessions per week for 4 weeks. Exercise intensity was
requested to reach 60% to 70% maximal heart rate (HR,
HRmax = 220 − age) that is checked with the values of
a heart rate sensor (Polar H10, POLAR® China). If the
participant does not reach the intensity, oral prompting and
encouragement were given by the therapist. All participants
were scheduled to perform occupational therapy, endurance
training cycling using upper limb, and biofeedback therapy
once per day. Medications and rehabilitation nursing were
ordered based on the medical condition.

The AIDER (AssItive DEvice for paRalyzed patient) pow-
ered robotic exoskeleton (generation IV, Buffalo Robot Tech-
nology Co. Ltd, Chengdu, China) was used for the EAW
training. A dedicated Android application (alpha, China) as
an additional control system switched different training modes
(from sit to stand, walk, sit down, climb the slope, and go
stairs, shown in Figure 1A). Body-weight-supported AIDER
system was applied at the beginning of this program to protect
users. All subjects were individually fitted to the robotic
exoskeleton according to pelvic width, thigh length, and shank
length. Training session included sitting, standing, walking,
climbing stairs and slope with maximal assistance-walking
mode under monitoring of experimented therapists (Fig. 1).
A progressive EAW program was designed for participants
that shown in Table I.

Individuals in the control group undertook a conventional
exercise program that included strength training using dumb-
bell between 5 kg and 20 kg, dynamic balance training in
sitting or standing position, flexibility training, and walking
training with brace based on the recommendations of Exercise
and Sports Science Australia. The time proportion of each
training depended on the situations of individuals.
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Fig. 1. AIDER powered exoskeleton illustration used in this study. (A) a
mobile phone application; (B) walk with body-weight-supported AIDER
system; (C) walk in exoskeleton; (D) go upstairs in exoskeleton; (E) go
downstairs in exoskeleton; (F) ascend slope in the exoskeleton.

TABLE I
DESCRIPTION OF THE EAW ROGRAM IN THE EXPERIMENTAL GROUP

F. Outcome Measures

Outcome measures were collected and analysed at the
baseline and end of 16-session intervention period.

1) Primary Outcome: Pulmonary ventilation function
test was performed with a computerized spirometer
(Vyntus™SPIRO PC Spirometer, Vyaire Medical Inc.,
Mettawa, US) based on the standardized procedures as the
American Thoracic Society [30] described. To determine
pulmonary ventilation function, participants performed test

seating in the wheelchair and were forbidden to disclose
their intervention assignment to the assessor. The test was
performed with the participants wearing a nose clip. If the
participant coughed or made a mistake, the numerical
values were not recorded. Three repeated maneuvers were
performed, separated by a five-minute rest and the best
result was recorded automatically. The test consisted of
the assessments of FVC, predicted FVC%, FEV1, forced
expiratory flow (FEF25/50/75), peak expiratory flow (PEF),
and maximal voluntary ventilation (MVV) [31].

2) Secondary Outcomes: Motor function was reflected by
the trunk control test (TCT) [32], [33], [34], lower extremity
motor score (LEMS) [35], and muscle tone of lower limb
estimated by modified Ashworth scale (MAS) [36]. During
TCT, participants were asked to lie supine on the bed and
then roll to each side, sit up, and sit in a balanced position
on the edge of the bed, with feet off the ground for at
least 30 seconds. There was a total of 100 scores for TCT,
that higher scores indicate higher function of trunk control.
Score of each item was 0 for “unable to perform movement
without assistance,” 12 for “able to perform movement, but in
an abnormal style,” or 25 for “able to complete movement
normally.” TCT and LEMS were also reported to clarify
the reasons of ventilation and walking improvement, and the
recovery of muscle strength.

The related body structures mainly consisted of the condi-
tions of cartilage and bone in weight-bearing joints. Hence,
the conditions of knee joint and the conditions of hip joint
were chosen for represented the related body structures. The
thickness of distal femoral cartilage that consisted of medial
condyle, intercondylar area, and lateral condyle measured by
musculoskeletal ultrasound were compared [37]. The value
of Wards triangle BMD evaluated by dual-energy X-Ray
absorptiometry were recorded. Modified Barthel index (MBI)
were reported to demonstrate the ability of basic activities of
daily living (BADL) [38]. The rate of adverse events was used
for safety indicator.

Moreover, walking parameters were assessed by the 6MWT
(6-minute walk test) for distance and 10MWT (10-metre walk
test) for speed. Tests were performed in door in accordance
with the guidelines of the American Thoracic Society [39].
The participant’s heart rate, and the rate of perceived exertion
(RPE) based on the Borg scale [40] during the 6MWT were
recorded. Participants in EAW group were allowed to wear
the exoskeleton, while those in control group using the knee-
ankle-foot orthoses if they had one. The rate of adverse events
was used for safety indicator.

G. Statistical Analysis

Analyses were completed according to intention-to-treat
principle in the full analysis set and the missing data were sup-
plemented with the last observation carried forward method.
The statisticians were blinded to the program and com-
pleted analyses utilized SPSS version 25 (SPSS Inc, Chicago,
Illinois). The Shapiro-Wilk test was used to determine if data
were normally distributed. Data with normally distributed were
recorded as means±SDs and 95% confidence interval (CI),
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Fig. 2. Design and flow of participants through the trial. ITT: intention-
totreat.

others were described as median (IQR) where necessary.
Independent Student t-test was used to compare continuous
data related to clinical features between two groups. Paired
Test Student t-test was used to compare varies between pre-
and post-intervention. Furthermore, the Fisher’s exact and
Pearson’s Chi-square tests were used if the data were cate-
gorical variables. Wilcoxon rank-sum test and Mann–Whitney
U test were used if the data was not normally distributed.
Pearson correlation test or Spearman rank correlation test
was performed to discuss the relation between the results
of 6MWT, TCT and ventilation parameters with statistically
significant difference between groups. In all statistical tests, a
P-value < 0.05 was defined as significant.

III. RESULTS

A. Baseline Characteristics of Participants

The process of this study represented by the Consoli-
dated Standards of Reporting Trials (CONSORT) diagram
was shown in Fig. 2. A total of 134 individuals with SCI
were screened from July 2020 to March 2021, of which
94 were excluded as per exclusion criteria (n = 81) or
declining to commit the full participation (n = 13). 40 eligible
individuals were randomized to either EAW group (n = 20)
or control group (n = 20). After pre-intervention assessment,
one individual in the EAW group, and one in the control group
withdrew the study and did not accept the final assessment
because of own desires to be discharged from hospital. Table II
shows the baseline demographic and clinical characteristics

TABLE II
BASELINE CHARACTERISTICS OF PARTICIPANTS

for both groups. Two groups were comparable on the baseline
characteristics.

B. Effect of EAW Program on Pulmonary
Ventilation Function

EAW program was estimated to be more favourable than
conventional exercise program for several measures of pul-
monary ventilation function. Differences between the two
groups at post-training testing, including FVC (0.53, 95% CI
0.01 to 1.06 L, P = 0.048), predicted FVC% (19.59, 95% CI
6.30 to 32.54, P = 0.004), and FEV1 (0.61, 95% CI 0.15 to
1.07 L, P = 0.011). The results for FEF25−75(0.61, 95% CI
-0.38 to 1.59 L/s, P = 0.220; 0.79, 95% CI -0.23 to 1.61 L/s,
P = 0.057; 0.40, 95% CI 0.28 to 1.07 L/s, P = 0.242, respec-
tively), PEF (0.78, 95%CI -0.28 to 1.84 L/s, P = 0.145), and
MVV (13.59, 95% CI -4.33 to 31.51 L, P = 0.133) supported
that EAW training might be equivalent to conventional exercise
program. Comparing with these at the baseline, EAW group
showed statistical improvements in FVC (0.40, P = 0.010),
predicted FVC% (14.41, P <0.001), FEV1 (0.53, P <0.001),
FEF75 (1.36, P <0.001), FEF50 (0.67, P = 0.017), FEF25
(0.40, P = 0.035), PEF (1.04, P = 0.004) and MVV (11.65,
P <0.001) by the end of 16-session intervention period. The
estimates are presented in Table III.

C. Effect of EAW Program on Motor Function

Both groups showed statistical improvement in the TCT
(both P <0.01) by the end of trainings, while the improvement
of the EAW training might be equivalent to conventional
exercise program (P = 0.096, Wilcoxon rank-sum test).
Additionally, the control group showed improvement in LEMS
by the end of trainings (P = 0.033, Wilcoxon rank-sum test).
Nonetheless, there was no significant difference in the change
in LEMS (P = 0.387, Wilcoxon rank-sum test) or MAS
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TABLE III
COMPARISON FOR THE PULMONARY VENTILATION FUNCTION

(P = 0.999, Pearson’s Chi-square tests) between groups at
the end of trainings. These results are presented in Table IV.

D. Effect of EAW Program on Bone and Cartilage

EAW training was estimated to be more favourable than
conventional exercise program for protecting distal femoral
cartilage (Table V). Nonetheless, the effect on BMD was
unclear (0.07, 95% CI -0.21 to 0.06 g/cm3, P = 0.272).

E. Effect of EAW Program on BADL

Both groups showed statistical improvement in the BADL
after interventions. The score of MBI was estimated to
be 19.75 (95% CI 10.9 to 28.6) greater in the EAW
group (P <0.001) than in the control group. These bet-
ter results on the MBI were achieved with a mean differ-
ence of 28.8±15.0 within the EAW group (P <0.001) and

TABLE IV
COMPARISON FOR THE MOTOR FUNCTION

14.0±11.5 within the control group (P <0.001) by the end of
trainings. These results are presented in Table VI.

F. Safety of EAW Program

The exercise training in both groups was well tolerated
and there were 3 adverse events in the EAW group. Safety
evaluation showed no difference between groups (15% in the
EAW group and 0% in the control group, P = 0.072). Adverse
events consisted of fall (n = 1) and pressure ulcer in heel with
Grade 1 (n = 2), that disappeared within 24 hours and caused
no further injury to participants.

G. Correlation Analysis of Walking Parameters,
Pulmonary Ventilation Function, and
Trunk Motor Function

Of the 21 participants who completed the final 6MWT
and 10MWT, 2 were in the control group, 19 in the EAW
group while wearing the exoskeleton in door. The distance
and speed in the EAW group were 15.9±5.0 meters and
0.049±0.164 m/s, respectively. RPE and heart rate were
3.47±1.47 and 114.5±18.0 bpm during the 6MWT. A total of
47.3% (9/19) and 57.9% (11/19) participants of EAW during
test reached the moderate level based on the results of RPE
and heart rate, respectively.

The outcomes of correlation between the distance of 6MWT
with exoskeleton, TCT and statistically different item of
pulmonary ventilation function are shown in Table VII. The
distance showed a significant correlation with predicted FVC%
(Pearson correlation coefficient 0.540, P = 0.017) and RPE
(Pearson correlation coefficient -0.605, P = 0.006). Moreover,
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TABLE V
COMPARISON FOR THE DISTAL FEMORAL CARTILAGE

AND BONE MINERAL DENSITY

TABLE VI
COMPARISON FOR THE BASIC ACTIVITIES OF DAILY LIVING

there was a significant correlation with predicted FVC% and
RPE (Pearson correlation coefficient -0.596, P = 0.007).
These results demonstrated that the greater distance on the
6MWT with exoskeleton was achieved with a higher predicted
FVC% and less exertion. Nonetheless, no significant correla-
tion was found between results of TCT, walking distance, and
pulmonary ventilation function.

TABLE VII
OUTCOMES OF CORRELATION OF PULMONARY VENTILATION

FUNCTION, TRUNK FUNCTION, AND WALKING DISTANCE

IV. DISCUSSION

For individuals with T4 to L1 SCI, EAW training has
more potential benefits to improve the pulmonary ventilation
function, trunk control, and BADL than conventional exercise
program. Although conventional exercise program is effective
for improving trunk control, lower limb muscle strength, and
BADL. Moreover, EAW training promoted the walking ability
while wearing exoskeleton suit, and protected the cartilage.
However, it is estimated that neither were effective for motor
function recovery and bone loss prevention. It is essential to
consider whether the benefits from EAW training are robust to
warrant recommending it over conventional exercise program.

A. Impact on Pulmonary Function

The estimate of the differences between the groups on
the predicted FVC% and FEV1 (19.6% and 0.61 L) were
more beneficial than the minimal clinically important dif-
ference. Because the minimal clinically important difference
for predicted FVC% and FEV1 are 2-6% by distribution-
based method [41], and 0.1 L according to previous study
by the anchor-based method [42]. Moreover, the estimate of
the effects on predicted FVC% from post- to pre- intervention
in EAW group and control group and were 14.4% and -0.6%,
respectively. And effects on changes of FEV1 were 0.53 L and
-0.02 L for EAW trainings and conventional exercise program.
Both groups were required equal intensity and amounts of time
training in this study. Therefore, the effects on pulmonary
ventilation function might be considered as a “potential”
bonus, that was meaningful for people with SCI. Upper limb
exercise are limited for improving a maximal external power
output, peak oxygen consumption, heart rate, total peripheral
resistance, and responses for cardiac stroke volume [14].
Another underlying mechanism might be the potential of EAW
to recruit trunk muscles [43], [44]. Alamro et al., [45] and
Guan et al., [46] have demonstrated that overground walking
by exoskeleton elicits greater activation of trunk muscles
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compared to treadmill walking, even after controlling for the
use of hand-held assistive devices. The benefits for pulmonary
ventilation function are consistent with other research [22],
[47], [48], [49], although it reported a higher VO2peak among
the incomplete SCI individuals after EAW training.

B. Impact on Motor Function and Related
Body Structures

The effects on bone and cartilage were further explored.
There was an increase of BDM in the EAW group, although
the estimate was unclear and the values before intervention
were different. The effect on EAW on BMD of Wards triangle
was consistent with the study of Karelis et al., [50] which
reported an improvement with clinical meaning measured by
peripheral quantitative computed tomography on tibia. Dif-
ferent training prescriptions lead to different effects on joint,
although the effect on cartilage was merely reported in EAW
training. Optional duration (less than 1 hour) is helpful for
increasing the thickness of distal femoral cartilage according
to Yilmaz et al., [51] while higher intensity is harmful for
cartilage [52], Therefore, the EAW had potential benefit for
protecting the cartilage for SCI and the training prescription
in this study was suitable.

C. Impact on Walking Ability

The improvement of walking performance was not caused
by the recovery of lower limb motor function. All participants
were able to perform walking while wearing the exoskeleton,
that was similar to McIntosh et al., [53] and Sale et al.,
[54] Longer training duration may result in longer distance.
Benson et al.[55] found the minimal distance of 6MWT
after 10-week trainings was 91 meters which was more than
5 times than our average distance. Additionally, we found
that individuals with lower neurologic injury level (T11 to
L1) had similar mean improvement (15.6±4.8 meters) than
others (16.0±5.4 meters). The age or neurologic injury level
did not perform as an associated factor for walking dis-
tance. Participants who younger than 40 years-old completed
15.5±6.7 meters during 6WMT, with that of 17.3±3.3 meters
for older participants. This was inconsistent with previous
study [56] that reported walking speed and performances
were significantly associated with injury level. The inconsis-
tence caused by product update according to the result of
Guanziroli et al., [57].

D. Impact on BADL

The application of EAW and the newest version of exoskele-
ton suit made participants have access to walking, going slope
and stairs. This led to the differences between groups on walk-
ing and going stair, that two issues of MBI. Hence, participants
in the EAW group were accessible to gain the scores on
these two aspects with exoskeleton. However, besides EAW
and conventional exercise program, occupational therapy is
also benefit for the ability of ADL [58]. Thus, the possible
effect of EAW and conventional exercise program on BADL
is overestimated and needs to be considered.

E. Limitations

This study was limited to the number of training session,
although our feasibility study has proved this training period
realized the application of EAW and was most achievable in
inpatient rehabilitation in the health care system. Although
we tried to avoid the detection bias, it was inevitable during
the 6MWT. In this study, the range of age is 40 and the
used equation underestimates the HRmax in older adults [59].
Moreover, the validity of equation has not been established in a
study sample that included an adequate number of individuals
with SCI. This might have resulted in misestimation of the
training intensity. Further, gait parameters should be recorded
and compared while walking without the exoskeleton. More
pulmonary function test should be completed, such as tidal
volume and inspiratory vital capacity.

V. CONCLUSION

This study successfully manifested that EAW training has
the potential to improve performance in pulmonary ventila-
tion function and trunk control among individuals with T4
to L1 SCI at least equivalently with conventional exercise
program. Additionally, it promoted BADL the walking ability
without hurting the cartilage when wearing the exoskeleton
suit. However, it is estimated that neither were effective for
motor function recovery and bone loss prevention.
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