
Characterization of Hip Abduction Exoskeleton for Assistance During Gait
Perturbations

Vaibhavsingh Varma, Sujay N. Patel, Nicholas P. Wilson, and Mitja Trkov

Abstract—Robotic lower limb exoskeletons have been shown
to successfully provide joint torques to assist human subjects
during walking. Assisting the wearer during gait perturba
tions to prevent falls still poses a challenge due to specific
requirements of the device, and complex bipedal dynamics of
recovery. In this study, we present a hip exoskeleton device
with pneumatically actuated abductionadduction motion to
provide hip torque for assisting with lateral balance. The device
was designed to be wearable, allow integration with previously
developed wearable gait perturbation detection system and knee
exoskeleton, and produce fast actuation to provide assistive joint
torque during gait perturbations. We present the results of the
experimental benchtop tests of the device. The maximum torque
output and rate of torque development were characterized using
a load cell. The maximum angular displacement, with added
weights to simulate the leg inertia, was recorded using an
inertial measurement unit sensor. Lastly, a preliminary test on
a human subject demonstrated that the device, when exerting
instantaneous hip abduction torque during swing walking gait,
can effectively modify foot placement in the lateral direction.
This work contributes towards developing exoskeleton control
strategies for assistance during gait perturbations to prevent
falls.

I. INTRODUCTION

Gait disturbances are a common occurrence in elderly
adults leading to decreased mobility and falls that reduce
the quality of life and increase morbidity and mortality [1].
Higher mortality rates from gait disturbances are primarily
due to failure to correct unexpected perturbations in a short
amount of time, leading to falls [2]–[4]. Many methods exist
to decrease the frequency and severity of fall occurrences,
primarily by removing hazards from the area and neuromus
cular training. Training in particular is an effective approach,
drastically decreasing the number of falls experienced due
to perturbation [5], [6]. Repetitive training has been shown
to be effective, with a higher training frequency leading to
fewer falls [7]. Exoskeleton devices such as human body
posturizer have also been used for training to prevent falls
with positive results [8].
Robotic exoskeletons can supplement human joints with

an assistive torque, which can increase stability by helping
to restore normal gait patterns [9]. These devices can assist
during the human gait by providing continuous assistance
to maintain an upright posture. However, most of these
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devices and controllers are often not designed to deal
with sudden perturbations. In recent years, fastactuating
exoskeleton devices mounted to the knee of the slipping
leg [10] or hips [11], [12] have shown promise in provid
ing a proportional flexion or extension torque at necessary
time instances to restore the subject’s balance. Fastacting
exoskeleton devices attached to the knee of the trailing leg
have also shown the ability to immediately force the foot
into contact with the ground, assisting with the restoration
of the subject’s base of support [13]. Recently, the use of
knee exoskeleton to provide knee joint torque has been
demonstrated to assist during slip balance recovery in the
sagittal plane [14]. Unfortunately, most current approaches
focus on joint motion in the sagittal plane and therefore are
unable to assist with stability in the frontal plane [12].
The step width tends to increase during recovery from slip,

particularly in older subjects [15] and exoskeleton assistance
for hip abduction could prove helpful. Lateral falls also
pose a significant risk to older adults, particularly at the
hip area [16], with a study of hip fractures in the elderly
reporting 76% of recorded occurrences happening as a result
of a sideways fall [17]. Hip abductionadduction assistance is
important for gait stability among the elderly due to the effect
of physiological changes on the base of support and margin
of stability [18]. Hip abduction assistance has been shown
to improve balancerelated gait parameters [19]. Researchers
have recently developed a hip abductionadduction assistance
exoskeleton [20] and reported step width variations for
varying stiffness of admittance controlled hip abduction
adduction exoskeleton without significant effect on gluteus
medius muscle while walking [21]. They conclude that this
can prove useful for closedloop control design for mediolat
eral foot placement. Contrary to traditional exoskeletons, fall
safetyoriented devices should provide rapid but momentarily
assistance when necessary (i.e., during a loss of balance) and
minimally impede the subject’s natural walking gait [13].
In this paper, we present a hip exoskeleton device to

provide hip abduction assistive torques for lateral leg reposi
tioning during gait perturbations. benchtop characterization
of the device was performed to validate its functionality
and torque generation capabilities. Experiments using sim
ulated leg inertia were performed to derive a controller for
simulated lateral hip actuation. The device and controller
were then tested on a human subject during standing to first
statically validate device functionality. The system was then
validated while walking to demonstrate its effectiveness in
lateral leg repositioning during the swing phase. The main
contributions of this work include the development of a
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device for lateral leg placement assistance that can be used
to aid during lateral balance loss and recovery.
The remainder of the paper is organized as follows. We

first present the exoskeleton prototype and benchtop charac
terization methodology in Section II. Next, we present the
experimental results of benchtop testing and human subject
testing results in Section III. We conclude with a discussion
and summary.

II. MATERIALS AND METHODS
A. Hip Abduction Exoskeleton Prototype
Fig. 1a shows a prototype of the hip abduction device

worn by the subject. The exoskeleton consists of three
wearable parts that include a hip device, a knee brace, and a
backpack that includes an actuation system and electronics.
Our previously developed knee brace [13] was integrated
with our hip device for completeness of the leg exoskeleton
system, however, was not actuated in this study. The tested
device was unilateral and was worn only on the right leg.
The hip device connects the torso and thigh using a 2degree
offreedom (DOF) joint. The hip flexionextension hinge
joint is passive and allows unconstrained leg motion in a
sagittal plane. The hip abduction joint is actuated using a
pneumatic cylinder (SC40X75, CHLED). Bowden tube and
steel cable is used to transfer the force from the cylinder to
the mechanism with a 100 mm long moment arm connected
to a ϕ12.7 mm keyed steel shaft to exert an assistive hip
torque. Using a Bowden cable system has the advantage
of arbitrarily positioning the air cylinder at the back rather
than attaching it to the limb thus reducing the inertia of
the exoskeleton at the limbs and minimizing effects on the
walking gait. The mechanism at its extreme positions is
shown in Fig. 1b. The air cylinder is pressurized by either a
12g CO2 cartridge when the subject wears it or a stationary
highpressure source for bench testing. The rest of the device
components were primarily constructed from machined 6061
aluminum and 3Dprinted parts from polylactic acid (PLA)
material. The actuators and electronics were mounted on
support at the back of the wearer, high enough to allow
for sitting. The current design incorporates an indepen
dent passive hipflexion joint in series after the abduction
mechanism, therefore avoiding interference between the two
movements. When the device is not actuated, the bending
of the portion of the steel cable between the actuation arm
and the mechanical stop allows for unconstrained motion in
the frontal plane. The device allows maximum hip abduction
of 45 degrees to guarantee the safety of the subjects which
is enforced by a maximum movement of the moment arm
before hitting a hard stop as well as by the maximum stroke
of the cylinder.
Fig. 2 shows the schematics of electronics, exoskeleton

device, and experimental setup. The electromechanical
pneumatic parts include a 14.4 V 4S 5200 mAh LiPo
battery to power the actuation circuit, the air cylinder, a
solenoid valve, a relay control circuit, a microcontroller
(Arduino NANO), and pressure regulators with the cartridge.
The cylinder is controlled by a 5port 3way center stable

solenoid valve, powered through 12 V relays. The relay,
in turn, is controlled by the microcontroller which opens
and automatically closes the solenoid valve. All electrical
devices are powered through the same battery pack. Pressure
is supplied from a pressure source or cartridge that can be
easily switched out, and regulated between 20 and 50 psi.

(a)

(b)

Figure 1: Hip abduction exoskeleton prototype. (a) Side view
showing integrated hip and knee device (left). Back view showing
actuators and electronics (right). (b) Back view of hip abduction
mechanism model showing fully retraced cylinder when in standing
position (left) and fully extended cylinder during abducted leg
position (right).

71



B. Benchtop Testing
We first performed bench testing to characterize the device

to evaluate its torque generation capabilities and guarantee
safe operation before testing it on a human subject.

1) Torque Output: The benchtop tests included measure
ments of the maximum torque and rate of torque develop
ment under various pressure inputs and duration of pressure
supply. Prior to testing, we integrated the hip exoskeleton
with a knee device and considered a fully extended (leg)
position to account for maximum moments of inertia and
masses of the whole hipknee exoskeleton device that is
required to assist with the fall prevention strategy in both
sagittal and lateral planes. Any contraction of the knee
or flexion/extension of the hip would reduce the moment
of inertia of the device and body when worn, however,
this is constrained due to centrifugally acting forces during
actuation.
During the benchtop testing, the hip attachment was

rigidly fixed and an Sload cell was placed at the tip of the
device at the shank attachment to measure the exerted force
(see Fig. 2). The force measurements were used to compute
the generated hip abduction torque. The cylinder actuation
was timed by the microcontroller and each trial consisted of
eight loading cycles, 3 trials were repeated at each pressure
level from 2050 psi with increments of 10 psi. The load
cell data was recorded at a 10 Hz sampling frequency. The
pressure was varied and torque was calculated from the peak
load cell readings (Floadcell) and moment arm length (L),
i.e., distance from the shaft center to the load cell attachment
point, calculated as T = FloadcellL.

2) Range of Motion: For testing the range of abduction
motion under various applied pressures and duration of
solenoid activation, we simulated realistic conditions by
using a 12 kg weight added in the brace simulating the
mass and inertia of a leg based on empirical relations
[22]. The range of motion depends on the stroke of the
cylinder, hence the stroke was varied at each pressure level
by timing the solenoid valve activation for 50, 75, and 100
ms, respectively, at each pressure level. Each trial consisted
of two actuation cycles and corresponded to a combination
of pressure and activation time out of the possible 12 combi
nations. Three trials were repeated for each combination. An
IMU sensor (Adafruit BNO055) placed at the thigh of the
exoskeleton was used to output and record the absolute angle
displacement. The IMU was first calibrated in the initial free
hanging position of the exoskeleton. The data was collected
at a rate of 10 Hz.

C. Human Subject Testing
1) Standing Perturbations: After performing the bench

testing and validating the device performance of available
torque, range of motion, and safe operation, we proceeded
to conduct tests with a human subject (male, 29 years, 70
kg body weight). The subject wore the exoskeleton and all
points of contact were secured to a tight at a comfortable
level as per the subject’s feedback. For the first test config
uration, the subject wore the exoskeleton as shown in Fig.

Figure 2: Experimental setup for bench testing the hip abducting
exoskeleton.

1 and stood with the free leg (one the without exoskeleton)
planted on a raised wooden platform, while the leg wearing
the exoskeleton was hanging in the air. The exoskeleton
was then actuated at 50 psi for 100 msec of the solenoid
valve activation time to get a maximum range of motion
and held in position for 3 seconds before being released.
Five actuation cycles were repeated for each trial. The safety
of the subject was ensured by appropriate support from
structural members and the presence of two testers. Five
trials were conducted and the hip abduction range of motion
was recorded using an IMU placed on the thigh brace of the
exoskeleton attached to the subject’s leg.

2) Walking Perturbation: After the standing tests limb
lengths were measured. The subject was asked to walk with
the exoskeleton for 3 minutes to get familiar walking with
the exoskeleton and to let the braces settle on the body. Then
the subject was asked to walk at a selfselected speed in a
straight line and the exoskeleton was actuated during the
third consecutive step with that leg from the start to allow
reaching a steady gait. The IMU was used to record the
angular displacements during walking and perturbation of
the leg. The study was approved by the Rowan University’s
institutional review board.

III. EXPERIMENTAL RESULTS
A. Benchtop Testing Results

1) Torque Output: The torque output of the prototype is
presented in Fig. 3. Peak torque was reached at approx
imately 0.28 sec after actuation for all pressures. Fig. 3a
shows the average torque increment at each pressure level
from the time of actuation (0 sec) to the time when peak
load cell reading was reached which corresponds to peak
torque application. The mean applied torque increased with
pressure as expected (see Fig. 3b). Torque increases from
8.2 Nm at 20 psi to 24.7 Nm at 50 psi. The rate of torque

72



development is shown in Fig. 3c. Maximum rate of torque
development was 91 ± 12.2 Nm/s at air pressure of 50 psi.
Together, these characteristics are significant for controlling
the actuator based on an individual’s physiology as well as
the type of movement required. The requirements of motion
after a perturbation can vary based on its severity. Using
these characteristics it may be possible to generate different
actuator control signals at different stages during recovery
from the perturbation. Both the magnitude and rate of torque
applied may be controlled for optimal recovery motion.

2) Range of Motion: The changes in the range of motion
of the hip exoskeleton with respect to supplied air pressure
and duration of application are shown in Fig. 4. As expected,
the range of motion increases with the increase in applied
pressure. However, the time of application of pressure (i.e.,
the time of solenoid activation) was observed to control
the stroke of the cylinder. Therefore, the time of solenoid
activation has also been considered a significant factor for
controlling the range of motion. 50 msec was considered as
the minimum duration for solenoid activation as the cylinder
motion was not significant below this timing whereas full
stroke was achieved at 100 msec and 50 psi pressure.
It is clear from Fig. 4 that there is a significant effect

of solenoid activation time on the abduction angle achieved.
Therefore, activation timing is an important parameter that
may be used to control the movement during perturbations.
By varying these timings it will be possible to move the
leg by a desired angle during a perturbation for optimal
recovery. Thus a combination of pressure and activation
time provides control over both the torque applied and the
range of motion achieved. Therefore, successful perturbation
recovery controllers can be developed given the kinematic
and dynamic requirements for recovery.

B. Human Subject Testing Results
1) Standing Activation: Fig. 5 show the mean angular dis

placements for five trials of the human subject experiments
while subject was wearing the exoskeleton in a standing
configuration. The results show that the overall mean angular
displacement across all trials is approximately 11.8 deg at
50 psi of pressure supply. The highest mean of maximum
abduction angle in a single trial was 13 deg and it was only
observed in the first trial. Compared to the mean abduction
angle achieved during benchtop tests at same condition of
applied 50 psi pressure and 100 msec activation time of
the solenoid, the values from human subject tests are lower.
The reduction in the range of motion can be attributed to
many reasons including the compliant nature of the human
body and the resistance of the human leg to movement. The
compliance at the humanexoskeleton interfaces causes the
loss of full range of motion as some of the movement is lost
due to deformation of the tissue/body. The deformation of the
subject’s body was evident at the hipthigh brace because it is
not feasible to rigidly attach the exoskeleton to the body even
after securing the braces tightly to the body, due to inherently
soft tissue properties. It is also not entirely possible for the
subject to hold the exoskeleton leg in a dead hanging position

(a)

(b)

(c)

Figure 3: (a) Average torque application profiles at each pressure.
(b) Mean torque developed at each pressure with ± 1 standard
deviation range over considered trials. (c) Mean rate of torque
development with ± 1 standard deviation range over considered
trials.
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Figure 4: Mean abduction range of motion for applied pressures of
2050 psi and solenoid activation timings of 50, 75, and 100 ms.

thus developing some resistance to the movement caused by
the exoskeleton actuation. This resistance corresponds to the
concept of joint impedance [23] which can be considered an
important parameter to explore for estimating the amount of
assistance required in different situations.

Figure 5: Results of mean ±1 standard deviation of abduction angle
achieved in each trial of human subject experiments during standing
tests.

2) Walking Perturbation: After the standing trials, the
subject was instructed to walk with the exoskeleton and
was given a perturbation by the exoskeleton. The profiles
of hip abductionadduction angle observed during five such
walking trials are presented in Fig. 6a. The perturbation
occurred after the toeoff of the third step. The exoskeleton
controller was programmed to actuate the cylinder randomly
during the third swing phase after the start of the walking
trial as this corresponded with the beginning of the third step
based on the observed normal walking speed and profile of
the subject. The angular displacement in a lateral direction

significantly increased shortly after the exoskeleton was actu
ated. This confirms the action of the exoskeleton in affecting
the hip joint motion in the frontal plane. The average peak
angles achieved in normal walking steps while wearing the
(unactuated) exoskeleton are significantly lower than the
average peak angles when perturbed by the exoskeleton as
shown in Fig. 6b. The difference is approximately 14 deg.
The exoskeleton can thus be considered effective for the task
of instantaneous lateral leg repositioning.

(a)

(b)

Figure 6: (a) Variation of hip abduction angle while walking with
exoskeleton with activation during the swing portion of the third
step after the start of walking. Torque is applied from the start of
the perturbed step for 0.5 sec to reach the peak angle for each trial.
(b) Comparison of peak angles for normal steps and perturbed step
for each trial.

IV. CONCLUSIONS AND FUTURE WORK
In this work, we presented an extension of the design of

an existing cabledriven knee exoskeleton by incorporating
the active hip abductionadduction joint. First, the device
was characterized by conducting benchtop tests. In our tests,
we used a load cell to confirm the expected behavior of
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different pressure supply levels on increasing the applied
torque at the hip joint. Further, the exoskeleton was loaded
with dead weight, simulating leg mass, and actuated at
different pressure levels with three different solenoid valve
actuation times. The results of these tests proved that the
range of motion of the exoskeleton could be controlled
using a combination of pressure and actuation times of the
solenoid valve. After the benchtop tests, human subject trials
were conducted to prove the effectiveness of the exoskeleton
design in repositioning the human leg while standing and
walking. The exoskeleton was able to move the freehanging
human leg by 11.8 deg on average when the subject was
standing on the nonactuated leg. This deflection was less
than that observed in benchtop tests under same applied
pressure conditions, possibly due to the compliance of the
human body and joint impedance. Additionally, walking
trials confirmed that the exoskeleton is capable of providing
active perturbation/assistance to the leg while in motion. An
average deflection of 18 deg was observed while walking.
The current design can be improved by redesigning the
interfaces to fit multiple subjects. The prototype can fit
individuals in a height range of 1.70 to 1.75 m which
could be increased in future iterations. The backpack can be
improved to incorporate more actuators for other degrees of
freedom. The simultaneous operation of hip and knee joints
was out of the scope of this study; however, assisting both
sagittal and frontal planes is required for holistic recovery
from perturbations to prevent falls.
In conclusion, this work on hip abduction exoskeleton

underscores the possibility of affecting hip joint motion
in the frontal plane. Very few exoskeleton designs have
addressed the frontal plane motion of lower limbs and
this study characterizes a novel hip abductionexoskeleton
design. Recovery from perturbations such as slips and trips
may require an assistive device to have actuated movement
in the frontal plane for successful recovery. Therefore this
work contributes toward laying a foundation for future
investigations aimed at the development of assistive devices
and control strategies for lower limb joints including hip
abductionadduction for recovery from gait perturbations.
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