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Abstract— Exoskeleton-assisted gait rehabilitation is a
promising complement to traditional motion rehabilitation
programs for afflictions such as stroke or spinal cord injury.
However, some challenges persist that hinder the translation
of this approach to the clinical practice. One of these
aspects is the objective assessment of patients’ progress from
information collected during exoskeleton-assisted therapy
sessions with minimal hardware setup. In order to carry out
an objective assessment with the data collected during the
sessions, in this work: (1) we implement and compute a set
of metrics (Harmonic Ratio, Joint Trajectory Correlation,
and Intralimb Coordination) from data provided by the
exoskeleton and two inertial motion units (IMUs) while
subjects walked during their rehabilitation sessions, (2)
we evaluate the capacity of the metrics to discriminate
between the different patients’ physical conditions, and (3)
assess the correspondence of the patient evaluations using
the mentioned metrics and traditional clinical scores. Our
results show that Intralimb Coordination has the greatest
capacity to discriminate between different physical states
of the patients and presents the best correlation with their
clinical assessment.

Clinical relevance— This work could guide clinicians and
researchers to formulate a more objective assessment of
progress of patients who have experienced a spinal cord in-
jury using data collected during exoskeleton-assisted therapy
sessions.

I. INTRODUCTION
The central nervous system (CNS) is the primary

manager of the body’s movements, senses, cognition and
emotions ( [1]). The injuries that typically compromise
the CNS are neurodegenerative diseases and traumatic
injuries ( [1]), such as traumatic spinal cord injuries in-
duced by external impacts. The consequences of this type
of injury vary depending on the compression features
(how, where, the intensity level, etc.) ( [2]). The Spinal
Cord Injury (SCI), is a temporal or permanent change
in the spinal cord or nerve function, which has an overall
incidence of 16 to 19.4 injuries per million inhabitants
every year in Europe ( [3]).
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Patients that have suffered injuries to the CNS have
distinct needs in their personalized rehabilitation process
which is determined by the type of trauma that caused
the injury and their individual patient characteristics
(age, morbidity, neural capability, among others) ( [4]).
A large percentage of SCI patients suffer from life-
long mobility restrictions ( [5]), and ultimately rely on
rehabilitation sessions focused on gait recovery. In order
to recover motor functions, such as gait, the repetition of
intensive task-oriented exercises is key for neuroplasticity
activation and neurological deficit reduction ( [6]–[8]).
One way to perform this type of therapy is to use
exoskeletons, which is more commonly used in rehabili-
tation centers due to encouraging results or for economic
reasons ( [9]). Exoskeletons offer the possibility to reduce
manual work performed by physical therapists, increase
efficiency and potentially avoid a common problem at
the clinic: the limited time of the therapists ( [9]).
Nowadays, there are several exoskeletons for lower limb
function recovery: Hank, ReWalk, ARTHuR, LOPES,
XoR, Honda:SMA, HAL, among others ( [10]). Evidence
exists regarding the efficacy of exoskeleton-based ther-
apy for gait recovery. Several studies have shown the
positive impact of exoskeleton-based therapy on walking
speed [11], [12], precise movement [13], [14], autonomous
movement [15], [16] and the patient’s quality of life [5],
[12].

Some metrics that would aid in the therapeutic eval-
uation should be established such as comprehensively
sampling the evolution of each subject and planning the
optimal personalized rehabilitation strategy. ( [18], [19]).
Studies that explore this type of metrics in exoskeleton
based training, have been found for the upper arm [17].
However, exoskeleton based gait training evaluation has
not been deeply studied.

In previous studies regarding objective assessment
in exoskeleton-based gait rehabilitation, alternative ex-
oskeleton designs, control strategies, or rehabilitation
paradigms have been evaluated [20]–[23]. However, few
studies focus on the use of information recorded during
sessions as a tool to evaluate the progress of the patient’s
condition.

In [24], a study has been carried out to evaluate
gait metrics that observe circumduction, foot clearance
and stride length based on information collected from
exosuit-integrated IMUs. The researchers performed
a single post-stroke participant case study based on
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step segmentation calculated with zero velocity updates
(ZUPTs). In [25], a methodology has been found where
the authors use encoders, gyroscopes, inclinometers and
force sensors located in a 7-DOF passive exoskeleton
in order to measure joint angles, angular velocity and
acceleration of the hip, knee and ankle aiming to estimate
torques at the given joints and detect the gait phases.
In [26], to estimate the kinematics and the torques at
lower limb joints, a dynamic model based on Lagrangian
mechanics has been proposed. The gait information
required is obtained from encoders, axis inclinometers
and axis accelerometers. Moreover, a gait phase detection
is used to restrict the model based on different gait
phases. In [27], a walking assessment is proposed based
on the changes in kinetics and kinematics of the gait
when wearing a Gravity Balancing Exoskeleton (GBO).
Data from three stroke patients and four healthy patients
was collected from joint encoders and interface torque
sensors to establish the hip and knee range of motion,
the weight bearing on the limbs, and the walking speed.
These parameters were evaluated in a chronic stroke
patient that followed a 6-week training with the GBO.

Most of the quantitative measurements found in the
described articles are not easy for the physical therapist
to interpret. The mapping of these concepts into func-
tional characteristics is not straightforward. The reason
for this is that metric results do not indicate the degree
of deviation from the reference values, which in most
cases is another aspect/data point that is lacking. This
work aims to implement objective metrics that are easier
to interpret without complex additional equipment, test
them under real-life conditions throughout a rehabilita-
tion program with SCI patients with different conditions
and limitations, and compare the results to traditional
clinical scores.

II. MATERIALS AND METHODS
A. Studied subjects

Inclusion criteria for this work required the subjects
to have: an age between 18 and 80 years, a weight
of less than 100 kg, sufficient cognitive capacity to
understand the study (MMSE>24), paraplegia due to
an injury on the spinal cord and ability to stand with
some external support. Due to the exclusion criteria, out
of 13 volunteers, only four were selected (age 55.75 ±
10.71 years, and a partial lesion at the spinal cord 21.5
± 14.1 years old). Non-chronic patients were excluded,
in order to avoid the effects of spontaneous recovery
during the first year after the injury ( [28]). The patients’
demographic and injury information is presented in Table
I.

B. Instrumentation used
1) Hank exoskeleton: The exoskeleton used in this

study is the Hank (Gogoa, Spain) [29]: a 6-active joint
robotic rehabilitation system that allows physical and
neuronal rehabilitation treatment that reinforces lower

Parameters S1 S2 S3 S4
Age 55 44 70 54
Sex female male male male

Lesion Tetraplegia Paraplegia Tetraplegia Paraplegia
Injured zone C7-D1 D12-L1 C5-C6 D7
Injury type Incomplete Incomplete Incomplete Incomplete
Injured year 1985 2000 2015 1986
External help Crutches/Walker Parallel bars Walker Crutches

TABLE I: Demographic and injury information of the
subjects.

limb mobility. The exoskeleton provides two assistive
modes: (a) ”Step mode”: the user takes one step at a
time (b) ”Walking mode”: the user walks continuously.

2) IMU: The subjects’ movements were recorded with
two STT-IWS, STT Systems [30], Inertial Measurement
Units (IMU) that provide information about the posi-
tion, orientation and acceleration of the limb where the
sensors are attached.

C. Rehabilitation Protocol
16 rehabilitation sessions were performed, during eight

consecutive weeks. A 40-minute rehabilitation session
with the physical therapist was followed by a 40-minute
exercise session wearing the Hank. The number of record-
ings at each session varied. Before each recording, the
patients were allowed to practice with the exoskeleton
briefly. The exoskeleton’s assistive mode was selected in
each session based on the subject’s walking capabilities.
Subjects with lower capabilities were rehabilitated in
”step mode”. Otherwise, the ”walking” mode was chosen.
Patients were allowed to use additional support devices
for the gait rehabilitation (see external help in Table
I). Also, the therapist provided additional help to the
patient (e.g., moving a leg to complete a step, support
to keep balance, etc.), when required.

Three evaluation sessions of the Barthel ( [31]) and
Berg ( [32]) scores were conducted by the therapist. The
Barthel index (goes from 0 to 100, where 100 means
total independence) assesses the ability of the subject to
fulfill activities of daily living independently, including
transfers (bed to chair and back), mobility on level
surfaces and climbing stairs. The Berg balance scale (goes
from 0 to 56, with a score greater than 40 indicating
independence, a score greater than 20 and less than or
equal to 40 indicating the need for assistance to walk,
and a score less than or equal to 20 indicates the need
to use a wheelchair) evaluates the subject’s static and
dynamic balance ability.

D. Recorded data
1) Angle and acceleration: One IMU was placed on

the lower back to obtain the acceleration data (at 100Hz)
of the pelvis in three directions: antero-posterior (AP),
craneo-caudal (CC) and medium-lateral (ML). Due to
the magnetic interference created between the HANK’s
power and control unit and the IMU, the angle and accel-
erations could not be recorded for long periods of time.
Therefore, the recordings lasted four minutes maximum.
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Another IMU was placed at the leg for synchronizing the
information coming from the exoskeleton and the IMU
system by aligning the curves for the left hip flexion on
the time axis.

The information obtained from the exoskeleton (at
8Hz) contained the flexion angles of the right and left
hips, knees and ankles.

2) Information recollection limitations: The number
of rehabilitation sessions each subject attended was
different due to personal reasons. Moreover, due to some
hardware complications, the Hank could not be used for
all sessions. The information about the recordings for
each subject is specified in Table II.

Due to complications with the recording equipment or
due to deviations from the established protocol, some
recordings were found to be incomplete (without enough
steps, without data from one or more joint angles), or
with corrupted data (e.g. with unfeasible joint angle
ranges). Therefore, not all recordings were usable for
the analysis (the number of usable trials for each subject
is specified in Table II). Furthermore, there were large
differences in the amount of steps recorded for each
subject. For example, some trials contain around 80 steps
done continuously with the exoskeleton in the ”walking”
mode, while others have only 12 steps in the ”step” mode.

Parameters S1 S2 S3 S4
# of recordings 27 11 19 23

# of recordings with exoskeleton 21 9 14 20
# of usable exoskeleton recordings 9 6 11 10

TABLE II: Number of recordings performed by each
subject

E. Computed metrics
Three metrics were computed based on the informa-

tion captured in each session. The metrics were designed
to express similarity (values from 0 to 100) between
the patient and the healthy pattern in the assessed gait
feature.

1) Intralimb coordination (IC): The Intralimb Coor-
dination (IC) is a kinematic parameter that measures
the coordination among different anatomical parts of
each limb [33]. The studied elevation angles were the
angles of the thigh, shank, and foot. Those angles were
recorded by the exoskeleton sensors during sessions. Two
IC values (one for each leg) were obtained in each
session. The reference values for IC were obtained from
a healthy gait pattern in [34], which were the baseline
for comparisons. We computed the IC metric following
the method in [35], adding a final step to obtain the
similarity between the loadings obtained from a healthy
pattern with those of the patient. First, we computed the
principal component analysis (PCA) from the 3D curve
formed by the elevation angles of the thigh, shank, and
foot; using the Singular Value Decomposition method.
Then, we obtained the factor loadings of each elevation

angle on the first two principal components (loadings
are the coefficients of the principal components). Then
we computed the similarity (Sang) of each angle loading
(L̇ang) with respect to that of a healthy pattern (Lang)
as:

SangPC1 = (1−
∣∣(∣∣L̇angPC1

∣∣−∣∣LangPC1

∣∣)∣∣) ∗ 100 (1)

SangPC2 = (1−
∣∣(∣∣L̇angPC2

∣∣−∣∣LangPC2

∣∣)∣∣) ∗ 100 (2)

For each elevation angle, we selected the minimum
similarity (Mang) between (SangPC1 and SangPC2) and
computed the mean similarity of the three elevation
angles (Mthigh, Mshank, Mfoot).

Mang = min(SangPC1, SangPC2) (3)

IC =
Mthigh +Mshank +Mfoot

3
(4)

2) Harmonic ratio (HR): The HR measures gait sym-
metry ( [36]). Data for the HR was obtained from the
IMUs during sessions. Both even and odd harmonic
components of the acceleration at the subject’s trunk
were compared to those of an ideal gait pattern while
walking, following the procedure specified in [36]. The
acceleration was computed in three directions: CC, AP
and ML. The ideal gait contains even harmonics both
for AP and CC measurements in each stride (one step
with each leg). However, as the ML is limb dependent,
odd harmonics should be found ( [37]). Stride by stride,
the acceleration of the trunk was obtained. Based on the
frequency spectrum of the signal and the Fourier coef-
ficients, even and odd harmonics were calculated. The
result of this metric is obtained with the ratio between
the power of the considered k intrinsic harmonics over
the total power of the signal (k intrinsic and extrinsic
harmonics) multiplied by 100.

3) Join trajectory correlation (JTC): The JTC is a
kinematic metric that measures the correlation between
joint angle curves of the studied subject and those of a
healthy pattern ( [38]). A good correlation is obtained if
curves have similar shapes and movement event lengths.
The six studied joints are: both right and left ankles,
hips and knees. Data was obtained from exoskeleton
measurements done during sessions. The protocol fol-
lowed to obtain the JTC extended the Linear Length
Normalization defined in [38]. The reference values for
the angle curves were obtained from [34]. Session and
healthy angle values were normalized in length and
regularized. A temporal shift was applied to maximize
correlation. Negative values were set to 0 and positive
values were multiplied by 100.

F. Data processing
Once all the data was collected and visualized, some

trials were rejected. The acceptance criteria included:
angle values within the physiological range of motion,
more than 5 steps recorded, and no problems detected
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with the recording of an angle. Among the chosen
ones, the time range of interest was selected and the
synchronization between the exoskeleton and the IMU
data was performed. Then each metric was computed
automatically.

G. Statistical analysis
The mean value and the standard deviation of each

metric were calculated for each trial. Two-sided Wilcoxon
tests were performed in order to compare the results
obtained among subjects. The p-value selected for es-
tablishing the statistical significance was 0.05.

III. RESULTS AND DISCUSSION
A. Results obtained by the physiotherapist

A physical therapist evaluated each subject’s physical
state before, during, and after the rehabilitation. The av-
erage scores of the Barthel and Berg balance indexes are
presented in Table III. The patients present differences
in their functional capacity. Two of the subjects, S1 and
S4, can be considered independent. Subject S2 suffers
from low dependencies. Subject S3 has low scores in the
Barthel and Berg scales, indicating serious dependencies
and a poor equilibrium. Three of the subjects (S1, S2
and S3) need a wheelchair for daily mobility. Subject S4
can walk independently with crutches.

B. Metric results for each subject
The average values for the respective subjects for each

metric are represented in Figure 1 (a). The average value
and standard deviation added and subtracted to the
average value are represented for each of the subjects
in one graph (b-S1, c-S2, d-S3, e-S4).

C. Results of the comparison between subjects
To evaluate the capacity of the metrics to distinguish

between the level of impairment in the subjects’ gait,
two-sided Wilcoxon tests were performed to check for
significant differences among the mean metric values
obtained for each subject. The results are shown in
Table IV, where blue-colored boxes indicate statistically
significant differences.

D. Discussion
The aforementioned results suggest that the IC has

the greatest differentiation capability in the level of im-
pairment of the gait among all metrics. Statistically sig-
nificant differences were found in 83.33% of comparisons
among subjects. Moreover, the gait impairment ranking
of the IC closely matches the evaluation performed using
the clinical scales. There is a slight difference in the
ranking of S1 and S2 compared to the clinical scales.
However, it is important to consider that their score in
the Berg scale differs only by 2.5 points (out of a scale
of 56 points).

The JTC metric seems only able to differentiate large
differences in the subjects’ gait impairment, obtaining
significant differences in 50% of the cases, which mostly

correspond to comparisons between S4 and the rest of
the subjects.

Small differentiation capability has been found for the
HR, obtaining significant differences in 33.3% of the
comparisons between subjects. Moreover, the ranking of
the subjects carried out by the HR does not match the
ranking provided by the clinical scales (S3 received better
scores than S1 and S2 in all cases).

It is important keep in mind that the evaluation of
the metrics has been performed in a highly uncontrolled
scenario that is faithful to the conditions and workflow
of real-life robotic-assisted therapy sessions. In such a
scenario, the device used to provide additional support
(i.e. parallel bars, walker, crutches) could have strongly
influenced some gait parameters (e.g. stability, symme-
try) making the differences between the subjects’ gait
smaller in those features. Moreover, we hypothesize that
the variability of the results may have increased due to
changes in the exoskeleton assistive mode, changes of the
external support device throughout the rehabilitation
program, and even the help provided by the physical
therapist. Such factors make it difficult to obtain a
ranking of the subjects’ level of gait impairment that
completely matches those of the clinical evaluations.
Nevertheless, the IC metric seems promising, and the
results suggest that it could be used to quantify the level
of the subjects’ impairment throughout the duration of
exoskeleton-assisted therapies.

This work, however, involved a small number of
patients with a specific injury and there were factors
that prevented us from gathering more data from the
rehabilitation sessions. Therefore, it remains to proven
that these results can be generalized and applied to a
larger population or other injuries.

IV. Conclusion
The main idea of this work was to seek out insights

on the utility of a set of objective metrics to evaluate
the gait of patients with different levels of impairment
in a scenario with the following constraints:

• The data to compute the metrics should come from
the exoskeleton or minimal additional equipment.

• The data to compute the metrics should be acquired
during rehabilitation sessions.

• Patients received personalized therapy, so they
could:

– use the exoskeleton in any of its assistive modes
– receive help from the therapist to complete the

rehabilitation exercises
– use any additional device (e.g., crutches) to

complete the rehabilitation exercises
For such a purpose, rehabilitation sessions of 4 subjects

that wore the Hank exoskeleton and two IMU sensors
were recorded. Three gait evaluation metrics were tested:
IC, JTC and HR. The results of these metrics were
studied and a statistical analysis was performed to check
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Parameters S1 S2 S3 S4
Barthel 95 75 31 100
Berg 17.5 15 3 51

Instability Lack of hip balance Lack of stability
Physical evaluation Lack of equilibrium Knee recurvatum Left knee recurvatum

Knee recurvatum Right leg spasticity

TABLE III: Subject evaluation during rehabilitation (average of the three assessments).

Fig. 1: a) Average metrics’ values for all subjects. b-e) Average metrics’ values and deviation range (+-1 std. dev.)
for each individual subject.

Subjects IC JTC HR
Right Left Knee R Knee L Ankle R Ankle L Hip R Hip L CC AP ML

S1-S2
S1-S3
S1-S4
S2-S3
S2-S4
S3-S4

TABLE IV: Statistical differences in Wilcoxon tests between subjects. No statistical difference (white) statistical
difference (blue)

if the metrics were able to differentiate between the pa-
tients’ functional capabilities, and match the ranking of
the patients provided by clinical scales. The results sug-
gest that in spite of the highly uncontrolled scenario, the
IC metric could differentiate between the subjects’ gait
quality, closely following the patients’ ranking provided
by the Berg balance index. This preliminary evaluation
indicates that IC could be used in clinical settings for the
objective follow-up of the patient along the rehabilitation
program. However, further investigation is needed to
study the generalization of these results with a larger
cohort of patients with varying degrees of damage caused
by SCIs.
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