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The Effect of Hip Assistance Levels on Human
Energetic Cost Using Robotic Hip Exoskeletons

Inseung Kang ', Hsiang Hsu

Abstract—In order for the lower limb exoskeletons to realize
their considerable potential, a greater understanding of optimal as-
sistive performance is required. While others have shown positive
results, the fundamental question of how the exoskeleton interacts
with the human remains unknown. Understanding the optimal as-
sistance magnitude is not simply relevant for control, it is a critical
knowledge for exoskeleton designers. An accurate understanding
of assistance levels will enable the designers to minimize exoskele-
ton mass and improve the performance by avoiding excessive ac-
tuators and drivetrains. We explored the relationship between the
assistance magnitude and the energetic cost benefits by using a
series elastic actuator driven powered hip exoskeleton. The ex-
oskeleton controller mimics a human biological hip moment to
provide the assistance during the gait cycle. Ten able-bodied
subjects walked using the exoskeleton with different magnitudes of
assistance in both hip flexion and extension. Generally, the result-
ing metabolic cost across different assistance conditions showed a
U-shape trend which was consistent across all subjects (p < 0.01).
The interpreted optimal assistance point through the quadratic fit
resulted in a 6% metabolic cost reduction with respect to the no-
assistance condition. The study validated that simply increasing
the assistance level did not yield higher energetic return.

Index Terms—Wearable robots, human performance aug-
mentation, robotic exoskeleton, energetic cost, hip orthosis.

I. INTRODUCTION

OWER limb exoskeleton technology has advanced greatly
L in the recent years and showed significant value in different
applications [1]-[3]. Most of these technologies can be broken
down into three main categories: industry settings, military pur-
poses, and healthcare environments [1]. Several exoskeletons
have been developed for industry usages where factory workers
wear an exoskeleton suit to enhance physical strength to allevi-
ate work load when lifting heavy weights [4], [5]. Another usage
of exoskeleton technology is in the military settings where an
exoskeleton can assist a soldier in safely and efficiently carry a
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heavy load over long such as when a solider would carry heavy
loads while walking over long distances [6], [7]. Lastly, ex-
oskeletons are used in the healthcare environment as an assistive
device for patients with disabilities such as stroke, spinal cord
injury, and muscular dystrophy [8]-[10]. Patients using these
technologies in healthcare settings can not only regain mobility
options, but also potentially benefit from long-term rehabilita-
tion strategies [11]. Some of these exoskeletons such as Indego
[8]. Rewalk [9], and Ekso [12] have been commercialized in
the market for medical applications. These devices frequently
feature actuators at every joint, which makes the devices heavy
and challenging to control. While these devices may benefit pa-
tients with a complete lower limb paralysis, their benefit for less
impaired subjects remains less clear [13].

To accommodate such limitations of full body exoskeletons,
several research and industry groups started to develop single
joint actuated exoskeletons that are more suitable to both able-
bodied humans and patients with partial gait disability (i.e.,
stroke survivors) [14]-[17]. Often these exoskeletons have tar-
geted the ankle due to the joint providing a high mechanical
power during walking. Several ankle exoskeletons were able
to show positive results in achieving higher metabolic benefits
when walking with assistance at the ankle joint [14], [18]. Re-
cent literature studies have shown that the hip joint also plays a
leading role in providing high mechanical power, up to 45%,
during walking [19]. The ankle joint efficiently utilizes the
Achilles tendon unit in storing the mechanical energy to perform
positive joint power. However, due to different muscle charac-
teristics and the lack of efficient elastic storage elements, the
hip joint requires higher energetic cost for similar mechanical
joint power [20]. Therefore, the hip joint represents an impor-
tant area of exploration for engineers trying to increase human
metabolic performance. Some of the hip exoskeletons that have
been developed have shown positive outcomes [17], [21]-[25].
These exoskeletons are either autonomous with relatively low
assistance levels or tethered to off board actuators to provide
high magnitudes of assistance. Regardless, the majority of these
devices have the same goal of achieving the best metabolic cost
reduction. However, there is still a gap in understanding more
in-depth relationships between energetic benefits and assistance
levels.

The three key parameters that may contribute to the ex-
oskeleton controller are onset timing, assistance duration, and
assistance magnitude. Utilizing the assistance duration from
the literature study [26], our previous work optimized the as-
sistance onset timing for hip flexion and extension to achieve
best metabolic cost reduction [27]. However, as the study pro-
vided a fixed magnitude of torque applied at the hip joint, it did
not capture the effect of assistance magnitude in respect to the
metabolic cost benefits. Thus, an extended study was required
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Powered bilateral hip exoskeleton design. (A) The orthotic thigh shells, pelvic band, and shoulder straps can be adjusted to accommodate different body

sizes. (B) Exoskeleton device consists of multiple sensors and actuators. (C) The brushless DC motor drives a timing belt pulley to extend and retract the ball
screw transmission (orange) where the motor housing (red) pivots around the hinge to create torque around the output hip joint (green). Deflection at the fiberglass

spring provides corresponding measurement of the output torque.

to understand the effect of magnitude changes when providing
assistance during walking using a hip exoskeleton.

This letter provides three core contributions to the field of
assistive lower limb robotics. This letter presents a novel hip
exoskeleton (Fig. 1A) utilizing a ball screw driven series elas-
tic actuator (SEA) for power assistance at the hip joint in both
hip flexion and extension along the sagittal plane. The device
achieves a high fidelity closed loop torque control with a mea-
surement of fiberglass spring deflection. This device presents an
excellent test-bed for understanding assistance levels. Secondly,
this letter presents a novel controller design that mimics a human
biological hip torque profile during the gait cycle. The proposed
controller is capable of applying different control parameters
such as assistance onset timing, duration, and magnitude with
the aid of different mechanical sensors on the device. Thirdly,
this letter rigorously tests the design and controller through a ten
human subject test to determine the effects of assistance level on
energetic cost savings. These results highlight the experimen-
tal value of our test-bed system and illustrate that an optimal
assistance magnitude indeed exists.

The overall goal of our work is to determine the optimal assis-
tance level applied at the hip joint using a powered exoskeleton
during walking. The in depth understanding of relationship be-
tween the hip assistance levels and energetic cost savings using
an exoskeleton will aid the field to move forward in developing
an optimal exoskeleton device. We hypothesize that the increase
of exoskeleton assistance provided at the hip joint will off load
the work done by the hip flexor/extensor hence, reducing the
metabolic cost of walking.

II. POWERED HIP EXOSKELETON DESIGN

We designed a bilateral hip exoskeleton device (Fig. 1B) to
apply torque at the user’s hip joint during walking. The overall
mass of the device is around 7 kg where the main components
of the device are actuators (1.5 kg each), main frame structure
(2 kg), orthosis (1.5 kg for both waist band and thigh cuffs),
and the on board electronics (0.5 kg). The device is capable of
providing a peak torque of 60 Nm and a maximum continuous
torque of 30 Nm with an angular velocity up to 180 °/sec.
The desired exoskeleton peak and maximum continuous torque
parameters were derived using Eq. 1 and Eq. 2 based on the
biomechanic data [28]-[30] where 7(v) is the human biological
hip moment over one gait cycle, v is the walking speed, m is
the subject’s body mass, and n is the number of moment data

points over one gait cycle.

r(©)peat = 7 ([Tin (0)] + Tmax (v) M

IS0 1 (v)2
T(V)eont = m % (2

Using the both equations, our device can support approxi-
mately 90% of peak and maximum continuous torque for an
average body mass of 70 kg subject walking at 1.2 m/s. The
device allows 100° and 30° range of motion in the sagittal plane
for maximum hip flexion and extension respectively. Addition-
ally, a passive hinge joint allows for 15° of movement for both
hip ab/adduction along the frontal plane. The entire device has
three different attachment points to the user: orthotic thigh shell,
pelvic band, and shoulder straps. Each attachment point can be
adjusted to accommodate different body sizes.

A. Mechatronic Design

The powered bilateral hip exoskeleton consists of two ball
screw driven series elastic actuators (SEAs) (Fig. 1C). The mo-
tor torque is initially speed reduced with a 2:1 timing belt trans-
mission where the output torque is converted into a linear force
with the ball nut travelling along the ball screw shaft with a
carbon fiber tube attached to it. The ball screw transmission was
chosen because it provides high efficiency and back drivability
in a light weight package [31]. The entire actuator rotates along
the pivot point located at the motor housing as the actuator ex-
tends or retracts. Lastly, the carbon fiber actuator is coupled in
series with a fiberglass leaf spring where the deflection of the
spring is measured with a set of strain gauges mounted in a form
of full Wheatstone bridge. The use of a fiberglass spring enables
reduced mass [32]. Each SEA is mounted to a main C-shaped
frame made of carbon fiber, which ensures the orientation of
the device is upright when the user is fitted. The user interface,
which includes the thigh orthosis, the pelvic band, and the poly-
carbonate back plate, is attached to the main frame. The back
plate holds the electronics as well as shoulder straps.

The 200 W brushless DC motor rated at 36 V (EC 30, Maxon
Motor) is controlled with a single board computer (myRIO, Na-
tional Instrument). The myRIO is equipped with a FPGA chip
for a closed loop torque control with a PD controller using the
spring deflection reading measured with from the strain gauge
(Omega Engineering). A servo driver (ESCON 50/5 Module,
Maxon Motor) operates in current control mode and uses a Hall



432

g 174 7
J DI
High-Level: State Estimation

i States

Gait Phase

DN

Mid-Level: Dynamic Equation

Gait Phase
Tecommand

¢ Tcommand

|
PID ey Actuator |-t
Controller

Torque Measurement ¢—‘

Low-Level: Torque Tracking

User

Fig.2. Control system architecture of the exoskeleton device. On board com-
puter interacts with different mechanical sensors on the device for high level
control and commands the desired torque in currents to a servo driver for a low
level closed loop torque control.

effect sensor and an incremental motor shaft encoder for com-
mutation. Both actuators are powered by two 18.5 V lithium
polymer batteries (Venom Power) connected in series. A 14-bit
absolute magnetic encoder (Orbis, Renishaw) is used to measure
the hip joint angle. Three inertial measurement units (IMUs)
(Micro USB, Yost Lab) are also mounted on the device. Two
IMU s are placed bilaterally on each thigh and one is on the back
unit to measure the limb and trunk orientation during walking.
Lastly, force sensitive resistors (FSRs) are placed on each heel
of the user to detect the heel contact during walking. An addi-
tional custom made printed circuit board is used for reading and
filtering the analog sensor signals such as strain gauge amplifier
for spring measurements. All of the on board mechanical sensor
data are collected by myRIO for high and mid-level control such
as estimating the gait phase and generating the torque assistance
profile.

B. Controller Design

The exoskeleton device control layer is broken down into
three tiers for its purpose: high, mid, and low-level layers
(Fig. 2). The high-level layer implements an algorithm to es-
timate the user’s state such as gait phase. This aspect is critical
as it provides information regarding the timing for power assis-
tance. While it is mainly used for estimating the gait phase in this
study, this layer can be enhanced with additional control algo-
rithms such as classifying the user’s intent with machine learning
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Fig. 3. Example of a commanded torque profile for a biological torque con-
troller. Control profile (shown in purple) emulates a percentage of human bio-
logical hip moment (shown in green) over a gait cycle. Hip flexion (red region)
and extension (blue region) assistance onset timing, duration, and magnitude
(shown with different type of arrows) can be tuned for a desired profile.

techniques. The mid-level layer dictates the device dynamic
performance. This layer can implement different dynamic con-
trollers used in the literature such as admittance, position, and
myoelectric control [22], [33], [34]. For this study, our exoskele-
ton incorporates a torque controller where the commanded
torque profile is generated with given timing and magnitude pa-
rameters with additional user state information computed from
the high-level layer. Lastly, the low-level layer ensures that the
output torque meets the desired torque by applying a closed loop
torque control.

Our biological torque controller mimics the human biological
hip moment profile (Fig. 3). Over a gait cycle, the controller can
generate a torque assistance for both hip flexion and extension
with predefined control parameters. The three key parameters
that dictate the assistance profile are onset timing, assistance
duration, and assistance magnitude. The onset timing parame-
ter was used with values found from our previous work [27]
which was 45% and 90% of the gait cycle for hip flexion and
extension respectively (where 0% is defined as heel contact).
Assistance duration was optimized with an initial pilot test.
Lastly, assistance magnitude can be changed relative to per-
centage of peak human biological hip moment during the gait
cycle [29]. The peak biological hip moment value was normal-
ized to the user’s bodyweight to provide appropriate assistance
magnitude.

The biological torque controller (Eq. 3) intakes a gait phase
percentage, x, as an input and outputs a commanded torque,
f(x), where oy and o, are flexion and extension onset timing
respectively and d is the assistance duration all relative to the
gait phase.

of <T< Il'lOd((O‘fr + d) , 100)
0. <z < mod (o, + d),100)
otherwise

—g(z —o5),
g(I_Oe):
0

fz) =

3)

g(z) represents a function generating a single trapezoidal profile
(Eq. 4) with a desired assistance magnitude u, input phase z,
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assistance u starting and ending set point s; and s respectively,
all relative to the gait phase. The assistance magnitude « (Eq. 5)
is computed using the desired assistance level a (%) and the
peak human biological hip moment, 7(v)peqk, calculated from

Eq. 1.

%, 0<2z<s

g(z)= ¢ U 51 <z < 8 4)
—ui.z_—:?) +u, s <z<d

u = a7(V)peak (5)

During the gait cycle where the assistance is not provided,
the device is put into zero impedance mode which is simply
generating the interaction torque that is measured between the
user and the actuator output. Due to the gear reduction stage in
the mechanical transmission in the SEA, it exerts non-negligible
interaction torque to the user when walking which hinders nat-
ural movement. To minimize this resistance, the device outputs
an equal amount of torque to allow the user to move the limb
freely, hence called zero impedance mode. A video of a subject
walking in both assistance and zero impedance mode is included
in the supplemental material.

As the biological torque controller is heavily dependent on
the gait cycle for generating the correct assistance profile, it is
critical to estimate the gait phase accurately in real time. We
utilized the FSR sensor to estimate the user’s gait phase dur-
ing walking. While walking, the myRIO stores the timestamp
when the heel contact occurs through the FSR sensor readings.
From this, a stride time was calculated by taking the time dif-
ference between the heel strikes. Using the previous five stride
times, we calculated the average stride duration. Finally, the
time since the most recent heel contact was divided by this aver-
age stride duration in order to compute the current gait phase in
percentage [35].

III. INrTIAL HUMAN CHARACTERIZATION

An initial study was conducted to characterize the device per-
formance. During this process, several key factors contributing
to the device performance were observed: the device impedance
in terms of actuator interaction torque, controller performance
in terms of zero impedance mode compensating the interac-
tion torque, and the low-level controller performance regarding
torque tracking of the closed loop torque control.

A. Exoskeleton Human Performance Characterization

We conducted a pilot test where three able-bodied subjects
(body mass of 71.3 £ 5.5 kg) walked on a treadmill at 0.4 m/s
with the exoskeleton to analyze the controller’s capability in
compensating the interaction torque during zero impedance
mode. During this testing, we collected the user’s metabolic
cost of walking to observe the zero impedance mode perfor-
mance in terms of human energetics. The low treadmill speed
was mainly due to the limitations of walking with the device
powered off. When the device is powered off, the actuator has
a certain impedance (interaction torque), mainly from the gear
transmission and friction, which impedes the user’s hip move-
ment. The treadmill speed was chosen carefully so that the user
could still easily walk normally. Overall, the user walked in
four different conditions: exoskeleton powered off, actuator off
(exoskeleton without the SEA), exoskeleton in zero impedance
mode, and no exoskeleton condition. We have added the actu-
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Fig. 4. Initial human characterization results of the exoskeleton device.
(A) Actuator interaction torque compensation. When the actuator operates with
zero impedance mode, the interaction torque (shown in purple) that is exerted
due to mechanical impedance of the transmission in the SEA was greatly reduced
compared to the unpowered mode. (B) Hip joint kinematics across different ac-
tuator conditions. Actuator off condition is where the spring is disconnected
from the output hip joint to allow the user to freely move the hip joint without
any impedance.

ator off condition where the spring linkage was disconnected
from the transmission so that the actuator output does not exert
any interaction torque to the user. This condition can provide
an additional baseline information (along with no exoskeleton
condition) to compare the controller performance with the ex-
oskeleton mass added to the user (but not the impedance). The
average metabolic costs of walking, after subtracting out the
resting metabolic cost, were measured to be 1.92 + 0.25 W/kg,
1.33 4+ 0.13 W/kg, 1.59 £ 0.13 W/kg, and 0.75 + 0.04 W/kg
for exoskeleton powered off, actuator off, exoskeleton in zero
impedance mode, and no exoskeleton condition respectively. It
was observed that the powered off condition can increase the
net metabolic cost nearly twice compared to the no exoskele-
ton condition. According to the literature studies, theoretical
increase of metabolic cost of walking can be evaluated with the
exoskeleton mass added [36], [37]. Since the exoskeleton mass
added to the user can be represented as the actuator off condi-
tion, metabolic cost result comparison between zero impedance
mode and the actuator off condition could validate whether the
zero impedance mode can be used as a baseline condition. While
the zero impedance mode did not yield the same metabolic cost
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Fig. 5. Torque tracking of the assistance torque profile of the gait cycle. A
10 Nm torque was assisted to the user during walking with predefined control
parameters (onset timing and assistance duration). The overall mean RMS error
was calculated to be 2.15 Nm over a gait cycle.

reduction as the actuator off condition (mainly due to the residual
torque in zero impedance mode), it was capable of reducing the
metabolic cost vastly and compensated the impedance caused
from the actuator. While these metabolic cost measurements
cannot be utilized directly in the main experiment mainly due
to difference in walking speed, this validation process allowed
to quantify the exoskeleton actuator performance in terms of
metabolic cost.

The metabolic cost compensation from the zero impedance
mode aligned well with the kinetic compensation results (Fig. 4).
The RMS interaction torque between the exoskeleton and the
human user was reduced from 4.66 Nm to 0.94 Nm using the
zero impedance controller during walking (Fig. 4A). During
this pilot experiment, more in depth characterization of the
actuator behavior was investigated by observing how the in-
teraction torques affect the human gait biomechanics during
walking, specifically the hip joint angle (Fig. 4B). The pilot re-
sults showed that the actuator output produces non-negligible
interaction torque to the user. Moreover, this interaction torque
showed that it impedes the user significantly and causes them to
reduce the hip joint’s range of motion. This was demonstrated
in that the peak hip flexion and extension angles were both
reduced by 5° each. However, with zero impedance mode, the
user’s kinematics were closely consistent with the actuator phys-
ically disconnected. This illustrates the importance of effective
zero impedance mode.

Another preliminary assessment of the device design was to
quantify torque tracking of the desired torque with the actual
interface torque (Fig. 5). This can be validated by observing
the low-level control performance with torque tracking during
assistance mode. During the pilot testing, a user was assisted
with 10 Nm for both flexion and extension with prechosen con-
troller parameters (onset timing and assistance duration) while
walking on a treadmill at 0.4 m/s for 2 minutes. The assistance
profile in terms of actual torque measured followed the desired
torque correctly validating that the desired torque was assisted.
Overall, the RMS error over the 2 minute trial compared to
the desired torque profile was 2.15 Nm. A video displaying the
low-level torque tracking with hip assistance is included in the
supplemental material.
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Fig.6. Experimental setup of the exoskeleton device testing. The user is fitted
with a metabolic mask to measure the energy expenditure while wearing the hip
exoskeleton.

B. Assistance Duration Optimization Characterization

A pilot test was conducted to determine the optimal dura-
tion of hip flexion and extension for the controller. The subject
walked on the treadmill with 0.8 m/s walking speed for six
minutes with 26% of the subject’s bodyweight for assistance
magnitude for both hip flexion and extension. The assistance
duration window length was swept from 20% to 35% of the
gait cycle with a 5% increment. The metabolic cost reduction
for each condition was 6.2% for 20%, 14.6% for 25%, 11.2%
for 30%, and 11.0% for 35% all relative to metabolic cost of
walking in zero impedance mode. As the 25% window length
achieved the highest metabolic cost reduction, the value was
used for both hip flexion and extension assistance duration for
the main experiment.

IV. HUMAN SUBJECT TESTING

A. Experimental Design

The study was approved by the Georgia Institute of Technol-
ogy Institutional Review Board, and informed written consent
was obtained for all subjects. Ten healthy subjects (seven males
and three females) with an average age of 22.4 4 2.0 years, body
mass of 70.6 & 8.6 kg, and height of 1.73 £ 0.1 m were recruited.
The subjects were asked to walk on the treadmill (TuffTread)
for six minutes at 0.8 m/s walking speed in four different as-
sistance conditions where one of them was the zero impedance
mode (Fig. 6). The other three assistance conditions are 13%,
26%, and 40% of the peak hip flexion/extension moment based
on subject’s bodyweight at 0.8 m/s walking speed [29]. The
walking speed was set as 0.8 m/s due to device limitation in
providing high torque at faster walking speeds. Other control
parameters such as onset timing (45% and 90% of flexion and
extension) and assistance duration (25% of the gait cycle) were
fixed throughout the entire experiment for assistance conditions.
During all walking conditions, metabolic cost of walking was
measured using an indirect calorimetry system. Before sub-
jects began walking, we measured their resting metabolic rate
for 3 minutes while they stood still wearing the exoskeleton.
The metabolic cost was calculated using the modified Brock-
way equation [38] for the last 3 minutes of each six-minute
trial to determine the metabolic energy expenditure. Each walk-
ing measurement was subtracted with the metabolic cost of a
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TABLEI
KINEMATIC AND KINETIC RESULTS ACROSS DIFFERENT EXOSKELETON ASSISTANCE LEVELS

. Joint Kinematic Joint Torque
?z‘:ﬁﬂzf Peak Peak Rangeof  Peak flexion  Peak extension RMS flexion ~RMS extension  Net RMS torque over
flexion (°)  extension (°)  motion (°)  torque (Nm) torque (Nm) torque (Nm) torque (Nm) a gait cycle (Nm)
0 32.07 -5.06 37.13 1.41 0.95 0.76 0.61 0.55
13 33.37 =5.43 388 4.82 4.14 341 231 2.87
26 35.37 =4.24 39.62 8.95 8.73 6.95 6.23 6.04
40 -4.16 40.5 12.81 13.37 10.24 9.83 8.89

36.33

All of the joint kinematic and kinetic results are represented with an averaged value across 10 subjects. Flexion and extension joint torques were decoupled by computing the
torque during flexion (45%~70%) and extension (90%~15%) region of the gait cycle. For zero impedance mode, flexion and extension torque were computed respect to 0

Nm to calculate the residual interaction torque.

22r

20F

Metabolic Cost (W/kg)
s

0 13 26 40
Assistance Magnitude (% of Peak Biological Hip Moment)

Fig. 7. Metabolic cost result with different assistance magnitude during
walking. Generally, increase of assistance magnitude achieved decrease in net
metabolic cost of walking except for the highest assistance condition (40% con-
dition) where the metabolic cost increased. The quadratic fit of the metabolic
result computed that the maximum metabolic cost can be benefited with 6%
reduction from the zero impedance mode with 20% assistance magnitude. Error
bar in the graph represents +/— 1 SEM.

resting condition. Additional biomechanic data such as the hip
joint torque and angle were measured using the device’s SEA
and encoder during walking in each condition.

All of the joint kinematic and kinetic results are represented
with an averaged value across 10 subjects. Flexion and extension
joint torques were decoupled by computing the torque during
flexion (45%~70%) and extension (90%~15%) region of the
gait cycle. For zero impedance mode, flexion and extension
torque were computed respect to 0 Nm to calculate the residual
interaction torque.

A regression analysis was run to the overall metabolic cost
of all subjects across different assist conditions to observe a
general trend. Both linear and quadratic fits were run where each
coefficient of determination (R?) was calculated to evaluate the
goodness of fit. Furthermore, a pairwise t-test was conducted by
calculating the goodness of fit for both linear and quadratic fit to
observe if this trend is repeatable across all subjects by setting
o to 0.05.

V. RESULTS

Across the different assistance conditions, general trend
showed that there was a U-shaped trend where the global op-
tima for the lowest metabolic cost were in between the 13%
and 26% conditions (Fig. 7). For the average metabolic cost
results, a quadratic and a linear fit had the R? value of 0.869
and 9.38 x 10~° respectively. A pairwise t-test result showed a
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Fig. 8. Average hip kinematics across subjects during different magnitude

of assistance levels. Darker shades represent increase of assistance level. With
higher assistance magnitude, peak hip flexion angle increased.

statistical significance of the R? of a quadratic fit to linear fit (p
< 0.01). Using the quadratic fit to the metabolic cost model, the-
oretical maximum reduction of metabolic cost was computed to
be 6% reduction compared to zero impedance mode. The RMS
torque that was applied to the user during the flexion and exten-
sion region linearly scaled with different assistance levels while
maintaining relatively constant residual interaction torque and
showed that similar amount of assistance were provided for both
regions during the gait cycle (Table I). Additionally, a post hoc
analysis was conducted to compute the continuous torque that
was applied to the user over a gait cycle for each assistance levels
(normalized by the walking speed) which was 3.59 Nm/m-s~!
for 13%, 7.55Nm/m-s~! for 26%, and 11.11 Nm/m-s~! for
40% respectively. Using the computed torque values, normal-
ized continuous torque over a gait cycle at 20% was found to
be 5.62Nm/m-s~!, which is what the study supports as the
optimal continuous torque level for exoskeleton design.

Hip joint kinematics changed with varying levels of assis-
tance magnitude (Fig. 8 and Table I). During the first part of
stance phase (from 0% to 15% of the gait cycle), there was an
excessive hip extension with the increase of assistance magni-
tude. The average RMS error of hip kinematic deviation in the
early stance across subjects was 1.21° for 13%, 2.57° for 26%,
and 3.96° for 40% compared to the zero impedance mode. For
the remaining early stance (up to 30% of the gait cycle), the hip
kinematics returned to the normal hip joint trajectory. In late
stance (right before the push off), the hip kinematic started to
deviate again where the increase of assistance resulted in higher
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hip flexion. Especially when transiting to the mid swing (around
80% of the gait cycle), the peak hip flexion angle increased sig-
nificantly with higher assistance. The average peak hip flexion
across subjects increased 4% for 13%, 10.7% for 26%, and 15%
for 40% assistance compared to zero impedance mode where the
peak flexion occurred at approximately 85% of the gait cycle.
Moreover, the average hip joint range of motion across subjects
increased 4.49% for 13%, 6.71% for 26%, and 18.93% for 40%
assistance compared to zero impedance mode. The quadratic fit
best represented the resulting hip range of motion with different
assistance levels (R? = 0.962).

Additionally, the excessive hip flexion (Especially in the 40%
assistance condition) caused the subject to walk in a marching
gait pattern. This gait pattern increased the overall stride fre-
quency linearly with the increase of assistance levels. The aver-
age stride frequency across subjects was 0.75 stride/sec for zero
impedance, 0.78 stride/sec for 13%, 0.81 stride/sec for 26%,
and 0.84 stride/sec for 40% assistance. The linear regression
showed that the assistance level and stride frequency indeed
have a linear relationship (R?> = 0.999). The stride frequency
in zero impedance mode correlated well with human biome-
chanics data with the same walking speed [28]. A video of a
subject walking in a marching gait pattern with hip assistance
at maximal levels is included in the supplemental material.

VI. DISCUSSION

Overall, our exoskeleton was able to show a positive result in
achieving metabolic cost benefits with the increase of assistance
level. Our study resulted in a similar metabolic cost reduction
(6% when optimized) compared to other recent exoskeleton
studies [21], [25], [39]. For example, Seo et al. utilized an adap-
tive oscillator controller that generated a torque profile similar
to our biological torque controller and was able to achieve a
substantial amount metabolic cost reduction (~13%) compared
to no exoskeleton condition using a lightweight hip exoskele-
ton [21]. Ding et al. was also able to achieve a considerable
amount of metabolic cost reduction (between 5.7~8.5%) with
cable driven hip extension assistance compared to unpowered
condition [25]. The range of metabolic cost benefit differences
across the studies were mainly due to other confounding factors
such as the device structure and controller architecture.

While providing hip assistance resulted a metabolic cost re-
duction, our initial hypothesis was rejected in that increase of
assistance level did not yield higher metabolic cost reduction.
The resulting U-shaped trend of metabolic cost provides an im-
portant information that there is an optimum for exoskeleton
assistance to attain the best metabolic cost benefits. Our study
resulted in a similar quadratic trend as the relevant literature
study using the ankle exoskeleton [40]. While the study may
not directly correlate with our work (as the ankle joint has dif-
ferent musculotendon structure than the hip joint), the general
results aligned that excessive assistance at the joint may penal-
ize both mechanically and biologically. Similar to the literature
studies on assistance timing study [26], [27], the assistance mag-
nitude should be optimized for best energetic savings rather than
just being set as high as physically possible. Moreover, while it
was outside the scope of this study, a possible future work can
observe the energetic effect of hip assistance when the magni-
tude ratio of extension to flexion varies to fully optimize the hip
assistance levels.
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Mainly we observed that larger assistance magnitudes bi-
ased the hip kinematics in the flexion direction during swing
phase (Fig. 8). This excessive hip flexion induced a marching
gait which increased the user’s stride frequencies. Generally,
increased stride frequencies in marching gait will direct the
user to take shorter steps. Considering the stance phase as an
inverted pendulum motion, positive work at the center of mass is
required to restore the energy lost during the collision occurring
at the heel contact [41], [42]. As increase in the exoskeleton as-
sistance decreases the user’s step length, overall negative work
done through the collision gets reduced hence, higher metabolic
cost reduction.

On the other hand, the increase of stride frequencies in higher
assistance levels penalize the net metabolic cost. Along with
stride frequencies, results showed that the hip joint range of
motion exhibited quadratic growth with increase of assistance
levels which will force the subject to have a faster leg swing.
Literature studies have shown that increase in the stride frequen-
cies correlates with faster swinging leg motion where muscle
fibers are required to produce larger forces at short durations.
Overall, this will result in a higher metabolic cost due to the low
economy muscle generating the required force over short time
[43], [44]. Two main factors relating to increase in assistance,
stride frequencies and collision time, direct the metabolic cost
in an opposite direction which explains the reason for achieving
a general U-shaped trend for the resulting metabolic cost where
ideally the cross over point of two factors is the optimal assis-
tance magnitude that attains highest metabolic cost reduction.

Our findings in regard to optimal assistance levels provide
valuable information about the exoskeleton design. For exam-
ple, computed continuous torque to achieve the best metabolic
cost benefits can help future exoskeleton designers to optimize
the actuator specification. Furthermore, the non-negligible en-
ergy loss through the user interface should be investigated more
as it may have affected the result. The hip kinematic deviation
occurring at the early stance phase occurred due to the soft
tissue of the limb segment. This dampening effect in the limb
limits the exoskeleton by delaying the assistance applied at the
skeletal structure. Lastly, further exploration in the interaction
between control parameters such as integrating the human-in-
the-loop optimization may be useful [18], [24]. This approach
can improve the exoskeleton controller by having the control
parameter scale to the user’s state such as the user’s stride fre-
quencies. Through this, the dynamic controller may be able to
accommodate the assistance in a stride by stride basis.

VII. CONCLUSION

Our powered hip exoskeleton showed that the metabolic cost
reduction does not correlate linearly with assistance magni-
tude. The underlying biomechanical effects in the user dur-
ing exoskeleton assistance resulted in a U-shaped trend in the
metabolic cost. The exhibited exoskeleton behavior illustrated
the importance of understanding human robot interaction. More-
over, as our result showed that additional levels of support are
undesirable, there are clear ramifications for system design. Fu-
ture exoskeleton designers can utilize our findings to further
investigate to optimize the mechatronic design for a more ro-
bust and versatile exoskeleton. Lastly, implementation of an
integrated controller capable of scaling parameters dynamically
may aid the exoskeleton technology to be translated to more
realistic settings such as outdoor environments.
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