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Series elastic actuators (SEAs) are increasingly popular
in wearable robotics due to their high fidelity closed-loop
torque control capability. Therefore, it has become in-
creasingly important to characterize its performance when
used in dynamic environments. However, the conventional
design approach does not fully capture the complexity of
the entire exoskeleton system. These limitations stem from
identifying design criteria with inadequate biomechanics
data, utilizing an off-the-shelf user interface, and applying
a benchtop-based PID control for actual low-level torque
tracking. While this approach shows decent actuator per-
formance, it does not consider human factors such as the dy-
namic back-driving nature of human-exoskeleton systems as
well as soft human tissue dampening during the load trans-
fer. Using holistic design guidelines to improve the SEA-
based exoskeleton performance during dynamic locomotion,
our final system has an overall mass of 4.8 kg (SEA mass of
1.1 kg) and can provide a peak joint torque of 108 Nm with
a maximum velocity of 5.2 rad/s. Additionally, we present
a user state-based feedforward controller to further improve
the low-level torque tracking for diverse walking conditions.
Our study results provide future exoskeleton designers with
a foundation to further improve SEA-based exoskeleton’s
torque tracking response for maximizing human-exoskeleton
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performance during dynamic locomotion.
Keywords: Exoskeleton, Series Elastic Actuator, Torque
Control, Dynamic Locomotion

1 Introduction

Exoskeleton technology has recently shown promising
results for augmenting humans for enhanced mobility during
locomotion [1,2]. Both able-bodied and clinical populations
can potentially benefit from this technology due to its wide
range of applications, such as augmenting human physical
capabilities [3,4, 5, 6], partially assisting during community
ambulation [7,8,9], and restoring physical attributes through
rehabilitation [10,11,12]. Most of these robotic exoskeletons
utilize actuators to provide assistance during locomotion that
is co-axially aligned with the user’s biological joint. While
several types of actuators can be implemented for exoskele-
ton applications (e.g., pneumatic [13] and hydraulic actua-
tors [14]), electromechanical actuators are the most common
type. This is largely due to having a high power-to-weight
ratio and an energy source that is comparatively lightweight
and safe. Additionally, literature has indicated that minimiz-
ing mass added to the user’s body plays a critical role in the
overall human exoskeleton performance (e.g., reducing the
energetic cost of walking) [15].

A commonly used actuator type to achieve closed-loop
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torque control is a series elastic actuator (SEA), where
an elastic element is located in series between the actu-
ator’s output and the payload. By measuring the deflec-
tion of the elastic element, the torque applied at the actu-
ator can be accurately measured [16, 17]. Several research
studies have utilized SEAs for robotic exoskeleton appli-
cations [18, 19, 20, 21, 22, 23]. Conventionally, these ex-
oskeletons integrate a rotary SEA around the targeted joint
and provide joint torque in the sagittal plane. However, the
majority of these studies were often limited as the torque
tracking performance was only validated at low assistance
magnitude and walking speed conditions, which does not
resemble what humans experience during regular locomo-
tion. The conventional method to optimize the SEA torque
response in closed-loop feedback control is proportional-
integral-derivative (PID) control. Most of these PID con-
trollers for an SEA are empirically tuned in a benchtop set-
ting to evaluate the actuator’s torque bandwidth. While these
"tuned’ controllers may perform well in a static setting, these
controllers often exhibit poor torque tracking performance
when used on humans during locomotion. This is mainly due
to the benchtop-based actuator optimization procedure not
sufficiently capturing the physical interaction realized dur-
ing dynamic tasks performed by a human. Several factors
can affect torque tracking results such as the actuator out-
put being constantly back-driven during dynamic locomotion
(whereas benchtop is done on a locked rotor) and the user’s
interface limiting load transfers from the actuator to the hu-
man’s musculoskeletal structure [24, 25, 26]. Literature has
investigated the optimization of low-level control approaches
in exoskeletons to yield high fidelity closed-loop feedback
control [27]. Although the conventional approach of pure
feedback control is convenient, large PID gains can cause in-
stability in the system during operation. Fortunately, the ad-
dition of a feedforward control strategy based on user state
information can reduce the controller effort within the feed-
back loop. Zhang et al. investigated the addition of a feed-
forward gain for level-ground walking to improve the per-
formance of a cable-driven exoskeleton actuator [28]. While
low-level controller optimization is a promising direction for
improving actuator performance, this approach has not been
explored for other locomotion modes (e.g., ramps and stairs)
as well as the intensity of such modes (e.g, walking speed
and assistance level). A more in-depth analysis of the con-
trol strategies and their generalizability to these modes need
to be explored to further understand their efficacy.

In this study, we have improved the torque tracking per-
formance of an SEA-driven robotic hip exoskeleton, shown
in Fig. 1, by optimizing both the mechanical design and the
low-level control architecture. To meet the mechanical de-
sign criteria, we developed a robust harmonic drive-based
SEA using a titanium torsion spring to maximize the power-
to-weight ratio. Additionally, we customized the user inter-
face to improve power transfer from the SEA to the user’s
limbs and torso. For the control architecture, we incorpo-
rated an additional user state-based feedforward controller to
the baseline PID controller. This further improved the over-
all torque tracking performance during dynamic locomotion
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Fig. 1. Series elastic actuator-driven robotic hip exoskeleton. (A)
The exoskeleton provides flexion and extension assistance at the hip
joint bilaterally in the sagittal plane for multimodal locomotion. (B)
The exoskeleton houses different on-board mechanical sensors to
measure the user’s limb kinematics during locomotion.

under three conditions: 1) varying walking speed, 2) varying
assistance magnitude, and 3) different locomotion modes.
The key contributions of this study are 1) the development of
a lightweight SEA-based robotic hip exoskeleton with high
torque bandwidth capabilities for dynamic locomotion and
2) the improvement of torque tracking performance on the
SEA-driven human-exoskeleton robotic platform across dis-
tinct terrains with varied assistance conditions. These study
findings can be a foundational guideline for future exoskele-
ton designers to design a more robust SEA-based exoskele-
ton that can maximize torque tracking performance in vari-
ous locomotion conditions. This will push the field forward
to develop exoskeletons that can translate from a laboratory
environment to real-world scenarios.

2 Robotic Hip Exoskeleton Design
2.1 Series Elastic Actuator
2.1.1 Actuator Design Specification

The main objective of our design was to develop an ex-
oskeleton system capable of providing a peak torque of 120
Nm, maximum continuous torque of 55 Nm, and peak an-
gular velocity of 4.5 rad/s to accommodate dynamic human
locomotion (equivalent to 100% of the biological torque for
an average user) for wide ranges of body sizes. A detailed
illustration of the proposed actuator design is shown in Fig.
2. These target requirements for our SEA were based on hu-
man gait biomechanics data [29, 30, 31], where we analyzed
the hip joint biomechanics of an average male in the United
States [32] across 5 locomotion modes: level ground (LG),
ramp ascent (RA), ramp descent (RD), stair ascent (SA), and
stair descent (SD) at a wide range of walking speeds. To that
end, we analyzed the fastest walking speed (up to 1.6 m/s)
at each given mode to examine the required hip joint torque
and speed. During extreme scenarios (e.g., fast LG and steep
RA), humans exhibit a peak hip joint moment of 1.3 Nm/kg,
nominal joint torque of 0.6 Nm/kg (relating to the maximum
continuous torque), and peak joint angular velocity of 4.4
rad/s.
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Fig. 2. Harmonic drive-based series elastic actuator. The brushless
DC motor is coupled with the 50:1 Harmonic Drive gear transmission.
The output torque is calculated via titanium torsional spring deflection
measured with the absolute encoder.

2.1.2 Motor and Gear Component Optimization

Historically, the field has not systematically analyzed
different motor specifications when designing an SEA-based
exoskeleton, but selected a commonly used motor in previ-
ous actuator designs. For example, SEAs have utilized a
brushless DC (BLDC) motor with a high gear reduction to
minimize overall mass. However, this approach is subopti-
mal as a high ratio gear transmission can amplify nonlineari-
ties such as backlash and friction. Moreover, reflected inertia
from the output shaft to the motor can overburden the motor
driver (due to the generation of back electromotive force).
Recently, advancements in the drone industry led to the de-
velopment of high torque density motors (large motor con-
stant with high pole pairs), allowing a reduced gear ratio.

We analyzed motors from various manufacturers (de-
sign review in July 2020) commonly used in SEA designs
to choose the motor that best met our design specification of
high torque density (2 Nm/kg or greater) and low gear ra-
tio transmission (less than 75:1) while having low mass. We
excluded motors with mass greater than 650 g and the re-
quired gear ratio (calculated from desired nominal torque) of
greater than 250:1 as they deviated too much from our design
specification. From our analysis, the optimal BLDC motor
for our application was T-Motor’s U8 Lite KV100 (T-Motor,
China) as shown in Fig. 3. Of the motors in our analysis, our
chosen motor had the highest torque density at the lowest re-
quired gear ratio. Our selected motor had a torque constant of
0.09 Nm/A, maximum continuous torque of 1.08 Nm, peak
torque of 2.61 Nm, and peak angular velocity of 251.3 rad/s
with an overall mass of 238 g. While peak angular velocity
and peak torque were common specifications in motor data
sheets, they can be deceiving as a high peak angular veloc-
ity implies a low peak torque due to the inverse relationship
between motor speed and torque. Therefore, we did not use
peak values in our motor analysis and evaluated the motors
using nominal parameters only.

An SEA can have several types of mechanisms for the
gear transmission such as planetary gear, worm gear, and ball
screw drive train. However, these gear systems have limita-
tions such as gear backlash, friction within the transmission,
and large mass. The harmonic drive is a state-of-the-art gear
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Fig. 3. Motor comparison of torque density relative to the required
gear ratio. Torque density is defined as max continuous torque di-
vided by motor mass, and the required gear ratio is determined from
desired max continuous torque. Colored data points represent the
optimal motor from specific motor manufacturers per series. The se-
lected motor (T-Motor’s U8 Lite KV100) has the highest torque density
at the lowest required gear ratio.

transmission mechanism that has a high torque output with
zero backlash. Based on the results from the motor compari-
son, we chose a harmonic drive with a 50:1 gear ratio (CSF-
25-50-2A-GR-LW, Harmonic Drive Systems, Japan) to be
coupled with the selected motor.

An important feature to consider in SEA design opti-
mization is the joint angular velocity response of the actuator
during torque assistance. This is mainly due to the angular
velocity being related to the required battery voltage during
operation. As the SEA torque control is achieved using cur-
rent control through a servo driver, the angular velocity (re-
lating to the operating motor voltage) is dependent on the
amount of current being commanded since the user’s joint
is non-static during the gait cycle. To fully validate that the
specified motor and gear system achieves the desired torque
and speed requirements, we utilized the following equation
to model the SEA voltage response.

Vm = @Rm+kemm (1)
ky

where V,, is the motor voltage, T, is the motor torque, k;
is the motor torque constant, R, is the motor winding resis-
tance, k. is the motor voltage constant, and ®,, is the joint an-
gular velocity. Using Eq. 1, we simulated the SEA’s voltage
response when providing maximum assistance level across 5
locomotion modes at 1.2 m/s (using the gait biomechanics
data). The simulation results indicated that the SEA is well
below the operating voltage requirement of the motor (24 V)
across all locomotion modes (Supplemental Document).
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2.1.3 Spring Stiffness Evaluation

A key factor for improving the SEA torque tracking per-
formance is to increase the resolution of the spring deflec-
tion. This can be achieved by increasing the encoder read-
ing resolution and reducing the spring stiffness such that the
spring deflects more with a given torque input. However,
increasing the elasticity decreases the end effector’s torque
tracking bandwidth. Hence, an optimal elasticity with a high
encoder reading resolution is needed to maintain the desired
torque bandwidth. To maximize the spring deflection reso-
lution, we utilized a 19-bit absolute magnetic encoder at the
actuator output (AksIM, RLS, Slovenia).

Several types of elastic elements have been investi-
gated in previous SEA studies [33]. Oftentimes, metal-based
springs (steel or aluminum) are used for their reliable spring
stiffness linearity which is a critical aspect in the SEA low-
level control. To further reduce the form factor while main-
taining high torque output capabilities, we utilized a custom
titanium-based torsional spring based on the original design
from [34]. We experimentally validated that the spring ex-
hibited a linear response within the operating range of £ 20
Nm. A benchtop setup and testing results for spring stiffness
validation is shown in Fig. 4. The spring stiffness of our
SEA was determined to be 593 Nm/rad with a torque read-
ing resolution of 0.007 Nm.

A B
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Raw Data
10 Linear Fit

Torque

0 R =0.9992
Sensor

Absolute
Encoder

Measured Torque (Nm)

Torsional - - —
Spring 30

Spring Deflection (°)

Fig. 4. Spring stiffness validation results. (A) Benchtop setup is uti-
lized to obtain (B) experimental data. Different magnitudes of torque
are applied to the test rig bidirectionally while a torque sensor and
an absolute encoder measured the spring deflection. Experimental
spring stiffness was measured to be 593 Nm/rad.

2.1.4 Final Series Elastic Actuator Specification

After these design optimization processes, we finalized
the SEA design as shown in Fig. 5A. When fully assembled,
each SEA is capable of reaching 108 Nm of peak torque, 60
Nm of continuous torque, and 5 rad/s peak velocity while
weighing 1112 g. While the actuator can theoretically op-
erate up to a peak torque of 130.5 Nm, the motor driver’s
peak current limitation was set to 24A, reducing the output
peak torque capability to 108 Nm as shown in Table. 1.
The actuator has 130° range of motion (100°/30° hip flex-
ion/extension) in the sagittal plane and 30° range of motion
(15°/15° hip abduction/adduction) in the frontal plane.
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2.2 Electronic Components

The exoskeleton is comprised of different mechanical
sensors which control the overall system as depicted in Fig.
5B. All control loops are operated on an onboard microcon-
troller equipped with an FPGA layer (myRIO, National In-
struments, USA). A 19-bit absolute magnetic rotary encoder
is located at the actuator output, with the magnetic ring con-
nected before the spring and the read head connected after to
read the relevant spring deflection. 6-axis inertial measure-
ment units (MPU-9250, InvenSense, USA) are placed on the
trunk and each thigh cuff to measure the user’s limb accel-
eration and gyroscope data. All mechanical sensors commu-
nicate with the microcontroller via SPI communication. An
STM32 microcontroller-based motor driver (T-motor, China)
servos the motor using a 12-bit encoder for commutation
while communicating with the microcontroller via CAN bus
using an MCP2515 CAN-SPI conversion chip. All sensors
and motors are powered by a 22.2 V 3600 mAh LiPo bat-
tery (Venom Fly, Venom Power, USA) which allows the ex-
oskeleton to have an approximate run-time of 2 hours (con-
tinuous operation of 15 Nm assistance level). All sensor
reading and low-level control are handled at the FPGA level
running at 1 kHz while the high-level controller is imple-
mented using the real-time target layer running at 500 Hz.

2.3 Custom User Interface

To make the exoskeleton portable and comfortable, a
dedicated human orthosis was manufactured. The design
consists of a carbon fiber backplate with an integrated lum-
bar curve attached to a circumferentially adjustable lum-
bosacral orthosis (LSO) in addition to customized tapered
elastic straps, both of which secure to the user’s body to op-
timally transfer the weight of the exoskeleton directly to the
user’s hip and waist area. During development, anthropomet-
ric factors were considered to ensure a close and comfortable
fit for users with various stature and body sizes. We mainly
focused on the 99th percentile male hip width of 393 mm and
50th percentile female hip width of 341 mm. In our previous
designs [37,36], the maximum mediolateral dimension was
capped at 410 mm which led to challenges in fitting a more
diverse subject pool. Therefore, for our current design, we
increased the mediolateral dimension capability by over 100
mm while still allowing the capture of a smaller human sub-
ject, resulting in mediolateral adjustability of 173 mm (345
~ 518 mm) and anteroposterior adjustability of 100 mm (90
~ 190 mm).

2.3.1 Sliding Thigh Cuff

In order to interact smoothly with the user, exoskeletons
must allow a full range of motion during movement. How-
ever, it is nearly impossible to perfectly align and maintain
the rotational axis of the exoskeleton in line with the user’s
hip joint throughout the gait cycle due to the wide range of
motion during locomotion. To mitigate this, we designed
a thigh cuff to automatically compensate for the kinematic
mismatch between the user’s thighs and exoskeleton, elim-
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Table 1. Series Elastic Actuator Design Metric
Design Criteria Target Value | Giovacchiniefal. Zhangetal. Kangetal. | Final Design
Peak Joint Torque 120 Nm 35 Nm 80 Nm 30 Nm 108 Nm
Max Continuous Torque 55 Nm N/A 40 Nm 15 Nm 60 Nm
Peak Angular Velocity 4.5 rad/s 6.98 rad/s 2.62 rad/s 5.2 rad/s 5 rad/s
Range of Motion (Sagittal/Frontal) 130°/30° 140°/40° 128°/41° 130°/30° 130°/30°
Gear Ratio 75:1 80:1 100:1 100:1 50:1
Actuator Mass 1.5kg 1.2 kg 1.5kg 0.9 kg 1.1kg

To compare our final design to relevant SEA-based exoskeletons, we have included comparable exoskeleton designs from
the literature [20,35,36]. Note that only the SEA-based hip exoskeleton designs were included as the benchmark.

inating user discomfort caused by shear forces against the
skin during locomotion. The thigh cuff unit incorporates an
aluminum slider that is captured by inner and outer covers
made out of carbon fiber-filled nylon as shown in Fig. 5C.
Two elastic bands connect this aluminum slider to four dowel
pins extruded from the cover. This integrated slider allows
the thigh cuff to move 25 mm and 10 mm in the proximodis-
tal and mediolateral direction, respectively. The fully assem-
bled thigh cuff is coupled with a carbon fiber-based upright
contoured to the user’s thigh. The thigh upright was fabri-
cated from the epoxy acrylic resin using standard composite
wet lamination techniques under vacuum. The upright was
fabricated with a bidirectionally woven carbon and a unidi-
rectional carbon tape layered at 90° and 0° orientations. Ad-
ditional carbon fiber was placed into the layup at the junction
between the SEA and the upright to prevent mechanical fail-
ure during load transfer.

2.3.2 C-Channel Frame

The C-Channel is the human interface that connects the
SEA to the LSO which conforms to the user’s body shape as
illustrated in Fig. 5D. The C-Channel consists of four custom
manufactured carbon fiber pelvic struts and a size adjustable
aluminum plate. The carbon fiber pelvic struts are con-
nected with the aluminum plate posteriorly via aluminum-
based couplers. All four pelvic struts were fabricated simi-
larly to thigh cuffs.

2.3.3 Flexible Pelvic Orthosis

The pelvic orthosis incorporated in the exoskeleton
design utilized an enhanced profile LSO (SLEEQ AP+,
Thuasne, USA). This LSO was chosen for its comfort and
improved user compliance and outcomes while accommo-
dating a wide range of body sizes. It provides appropriate
compression and support for the lower back, helping the ex-
oskeleton to conform better to the user’s body and preventing
the exoskeleton from moving relative to the user as shown
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Table 2. Overall Exoskeleton Mass Distribution

Component Mass (g)
Series Elastic Actuator (x2) 2224
Electronics Backback 471
Li-Po Battery 392
C-channel Frame 335
Flexible Pelvic Orthosis 713
Thigh Interface (x2) 642
Total Mass 4777

in Fig. SE. This LSO was integrated into a custom-designed
carbon fiber backplate (Fillauer, USA) based on our previous
study on the user interface’s impact on the overall exoskele-
ton performance [26]. When fully assembled, the exoskele-
ton system has a total mass of 4.78 kg as shown in Table.
2.

3 Exoskeleton Control Strategy
3.1 Biological Torque Controller

The exoskeleton incorporated a three-tier control ap-
proach presented in our previous work where the high-level
estimated the user’s state, the mid-level generated relevant
torque profile, and the low-level ensured a reliable torque
tracking [37]. The exoskeleton incorporated a biological
torque controller in which the commanded assistance profile
was based on the human biological hip joint moment dur-
ing locomotion [38]. The overall control approach ensures
to generate a joint torque profile that is in line with the user’s
biological joint demand (e.g., flexion torque when the user
exerts flexion joint moment) during the gait cycle. This con-
troller was used since it is an effective assistance strategy for
augmenting human walking [37,39,40]. To ensure continu-
ous assistance, each profile was fit to the corresponding joint
torque profile using a sum of univariate Gaussians. Given the
current gait phase x, the desired assistance torque T was com-
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Fig. 5. Robotic hip exoskeleton design. (A) Exploded view of the harmonic drive-based series elastic actuator design. The brushless
DC motor is coupled with the 50:1 harmonic drive gear transmission. Titanium-based torsional spring deflection at the output shaft is
measured via an absolute encoder for closed-loop torque control. (B) Exploded view of the electronics backpack unit. The backpack houses
a microcontroller, a custom printed circuit board for signal routing, and a Li-Po battery to power the exoskeleton. (C) Close-up view of the
sliding thigh interface unit. The aluminum-based slider uses ball bearings to minimize friction between the cover surfaces. The elastic bands
allow the slider to passively return to the original location when not engaged. (D) Carbon fiber-based C-channel frame design. The C-channel
has adjustability in both anteroposterior and mediolateral direction to accommodate different body sizes. (E) Final assembly of the series
elastic actuator-based robotic hip exoskeleton design. All components are integrated for autonomous control.

puted using the locomotion mode-specific coefficients (a, u,
and ©) using Eq. 2,

n
T= Zaiﬂ\[(xuuivci) (2)
i=1
where the Gaussian distribution A’ was defined as

I(X%,U)Z

N(x,u,0) =e2 (©)

Using the magnitude shaping coefficient a (which pro-
portionally scales the overall profile), we tuned the flexion
and extension peak torque to match the peak human biologi-
cal joint moment. Additionally, we tuned timing coefficients
such as peak timing, u, and assistance duration, G, to align
the assistance profile to human biomechanics. Illustration of
desired exoskeleton assistance profiles for different locomo-
tion modes is shown in Fig. 6. The gait phase was estimated
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using a time-based estimation method which is an analytical
approach using a force sensitive resistor placed on the user’s
heel [37]. We linearly interpolated the user’s gait phase by
dividing the time since the most recent heel contact by the
user’s average stride duration from the previous two gait cy-
cles.

3.2 Low-Level Control

For the exoskeleton, the torque tracking performance of
two low-level controllers was evaluated. (1) a PID controller
which serves as the baseline and (2) the same PID controller
from (1) with an additional user state-based feedforward con-
troller. Controller gains for the PID approaches were tuned
and the tracking performance was evaluated on a benchtop
setting before human subject testing. Benchtop evaluation
consisted of a standard sinusoidal chirp signal sweep test (&
30 Nm, 0.1 ~ 100 Hz for 10 seconds) to determine the ac-
tuator’s torque bandwidth. A benchtop setting for the SEA
torque bandwidth validation is shown in Fig. 7.

Kang et al. 6
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Fig. 7. Benchtop setting for series elastic actuator torque bandwidth
validation. The actuator is mounted on a test stand with its output
fixed. The microcontroller servos the motor where a load cell con-
nected in series to recorded the output torque.

3.2.1 PID Control

The conventional approach for low-level torque control
in powered exoskeletons has been model-free control due to
its simplicity in tuning for control gains in a benchtop set-
ting [20,23]. More specifically, model-free PD control has
shown decent tracking performance. However, due to static
friction in the system, steady-state errors can arise during dy-
namic movement. To mitigate this, an integral term can be
incorporated to eliminate residual errors. The PID control
approach in this study uses a derived plant model to simu-
late the system and optimizes the controller gains based on
the system response using Simulink (MATLAB, MathWorks,
USA). An example of the SEA dynamic model is illustrated
in Fig. 8.

From the SEA dynamic model, the general dynamics of
the motor and load were derived to be Eq. 4 and Eq. 5,
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Fig. 8. Series elastic actuator dynamic model. The model consists
of a motor that provides an input torque, a harmonic drive to amplify
the input torque, a torsional spring to measure the output torque for
closed-loop feedback, and a load that represents a human hip joint.

respectively.

.. 1 .
Jmotoremotar = Tmotor — Ntspring - Bmotoremotor (4)

Jloadelaad = Tspring + Tioaad — Bloadeload (5)

Additionally, Eq. 6 and Eq. 7 can be used to describe
the spring behavior,

Tspring = Ks‘pring espring (6)

1

espring = Nemotor —010aa @)

where Jy,010r and Jj,qq are the moments of inertia of the
motor and load, Boor and Bj,qq are the damping coeffi-
cients of the motor and load, and 6,,,,, and 6;,,; are the
angular positions of the motor and load. N is the gear ra-
tio of the harmonic drive, Kp;in, is the torsional spring con-
stant, and 0, is the spring deflection. Ty, is the input
torque from the motor, Typing is the output torque transmit-
ted through the spring, and T;,44 is the external disturbance
torque from the interaction between the human leg and ex-
oskeleton. Utilizing these equations, the plant model G(s) is
represented by the transfer function between the input mo-
tor torque Tporor(s) and output spring torque Typring (). After
understanding the entire system model, we initially evalu-
ated the plant model G(s). Through a standard simulation,
we identified the final transfer function’s number of poles
and zeros to be 3 and 1, respectively. Using the experimen-
tal data from an open-loop sine sweep on the benchtop set-
ting, we estimated the transfer function of the SEA dynamic
model based on G(s). With the identified G(s), the system
was simulated and tuned within Simulink to obtain optimized
PID control gains. The control gains were then tested on the
physical system and further refined. From the benchtop test-
ing, the SEA’s torque bandwidth of the fitted plant model
and the tuned PID transfer functions were determined to be
6 Hz and 12 Hz, respectively. A bode plot of the SEA torque
bandwidth testing is shown in Fig. 9.
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Fig. 9. Series elastic actuator torque bandwidth result. A sine chirp
ranging from 0.1 ~ 100 Hz was commanded with 30 Nm peak torque
to characterize the actuator system. The PID controller’s transfer
function showed a 12 Hz cut-off frequency (plant model 6 Hz).

4 Exoskeleton Performance Validation
4.1 Experimental Protocol

We recruited three able-bodied subjects with an average
age of 24.7 £ 5.7 years, height of 1.81 £ 0.08 m, and body
mass of 97.8 & 32.5 kg to experimentally validate the torque
tracking response of our robotic hip exoskeleton. The study
was approved by the Georgia Institute of Technology Institu-
tional Review Board and informed written consent was ob-
tained for all subjects. Three conditions were used to eval-
uate the assistance torque tracking while the subject walked
with the hip exoskeleton, as illustrated in Fig. 10.
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A) (B) ©
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Fig. 10. Human subject testing conditions for validating the ex-
oskeleton torque tracking performance. (A) varying assistance mag-
nitude at an average walking speed on a treadmill. (B) providing
nominal assistance while varying walking speeds. (C) nominal assis-
tance while navigating in different locomotion modes.

Condition 1 (C1) was level-ground walking on a tread-
mill (TuffTread, USA) at 1.2 m/s at assistance magnitudes
ranging from 0 Nm to 20 Nm with a 5 Nm increment every

JIMR-XX-XXXX

30 seconds using the biological torque controller for a total
of 5 trials. Condition 2 (C2) was level-ground walking on a
treadmill at walking speeds ranging from 0.8 m/s to 1.6 m/s
with a 0.2 m/s increment every 30 seconds with 10 Nm as-
sistance magnitude for a total of 5 trials. Condition 3 (C3)
varied locomotion modes where the subject navigated a sim-
ulated terrain park that included 5 locomotion modes (LG,
RA, RD, SA, and SD) while walking at a preferred walking
speed. The terrain park was set to a nominal height conven-
tionally used in an industry setting (ramp at 11° slope and
stair at 15.24 cm height). Each subject navigated the terrain
park and walked at all five modes 3 times each, for a total
of 15 trials. During locomotion, the assistance level was set
to 10 Nm for all modes. For all three conditions, we evalu-
ated the SEA torque tracking performance using two control
methodologies: the PID control with and without the user
state-based feedforward control.

4.2 User State-Based Feedforward Control

The addition of a user state-based feedforward controller
can reduce the overall tracking error during dynamic set-
point changes, alleviating control effort from the feedback
loop. A user state-based feedforward controller is devel-
oped utilizing 3 different user’s state information: assistance
magnitude, walking speed, and locomotion mode. This feed-
forward function was computed from the exoskeleton torque
tracking performance using the baseline PID controller. Ini-
tially, a 2nd order polynomial function was fitted to C1 and
C2 results to understand the overall torque tracking trend
across conditions. For two different conditions, the exoskele-
ton torque tracking error exhibited a quadratic growth (R?
= 0.99) with an increase of assistance magnitude while a
quadratic plateau (R*> = 0.89) was shown with an increase of
walking speed. Using this baseline function, a feedforward
function was computed as a function of assistance magni-
tude, walking speed, and locomotion mode. Since 10 Nm
at 1.2 m/s was the nominal assistance condition that was ap-
plicable to all three walking conditions, we expanded this
feedforward function to C3 to compute a relevant feedfor-
ward gain for other locomotion modes (no clear trend was
shown across different ambulation modes). We utilized the
following equation along with the baseline PID controller to
apply additional torque to the SEA,

Tcommand = TPID —I—Sgl’l(TPID) X kff(lm)Tff (8)

where Teommand 18 the commanded torque, Tpyp is the
torque output from the PID, k¢ is the mode-dependent gain,
I;y is the locomotion mode, and T/ is the feedforward torque.
Ty can be further expanded using Eq. 9,

Trr= W(’Ca+’l?5) )

where w is the weighting factor (equal weight between
magnitude and speed) while T, and 7T are the quadratic trend
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as a function of assistance magnitude and walking speed
based on the measured root mean square error (RMSE) from
C1 and C2, respectively.

5 Human Subject Testing Results

Across all subjects, the SEA using the PID controller
had 2.05 £ 1.37 Nm, 1.35 = 0.19 Nm, and 1.07 &= 0.24 Nm
RMSE for C1, C2, and C3, respectively. The torque tracking
responses of the SEA for three walking conditions are shown
Fig. 11. Using the feedforward gain, the SEA on average im-
proved the torque tracking RMSE by 25.23 + 8.66%, 18.45
+ 7.07%, and 16.43 + 3.52% for C1, C2, and C3 across all
subjects, respectively. The effect of feedforward gain on the
SEA’s torque tracking performance is shown in Fig. 11 and
12.
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Fig. 11. Series elastic actuator torque tracking performance for (A)
varying assistance magnitude, (B) varying walking speeds, and (C)
different locomotion modes using the PID controller with (orange) and
without (blue) the user state-based feedforward gain. After evaluat-
ing the PID controller’'s performance, a 2nd order polynomial function
was fitted to the baseline torque tracking errors to generate a feed-
forward function.

6 Discussion

In this study, we introduced and validated a torque con-
trollable SEA-based robotic hip exoskeleton design for dy-
namic locomotion. We optimized the design from multi-
perspective analysis such as the actuator specification, spring
design, user interface, and low-level control. The exoskele-
ton can provide a peak joint torque of 108 Nm in a wide
walking speed range while only weighing 4.8 kg. While
there are lighter hip exoskeletons available in the field (e.g.,
Samsung GEMS device with 2.1 kg), these devices are lim-
ited as they can only provide a small amount of torque and
does not have torque tracking capability [41,42]. Addi-
tionally, the integration of a streamlined custom user inter-
face with minimal form factor enabled an efficient human-
exoskeleton performance. Overall, the SEA-based hip ex-
oskeleton was able to generate reliable joint torque assistance
to the user across different locomotion modes and conditions.
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Fig. 12. Representative time series plot of the actuator torque track-
ing performance during level-ground walking at 1.2 m/s with 10 Nm
assistance using the PID controller with and without the user state-
based feedforward gain.
movement.

Positive torque refers to a hip extension

Indeed, integration of the user state-based feedforward gain
was able to further improve the overall torque tracking per-
formance of the SEA by 20% compared to the baseline. This
result validated that the user state information is an important
variable to consider even for low-level control.

A notable SEA-based hip exoskeleton design that has a
similar design concept was done by Giovacchini ef al. [20].
While this design also utilized a Harmonic Drive, the over-
all form factor was suboptimal as the SEA had an additional
four-bar linkage transmission within the system. Addition-
ally, the system did not utilize a high torque density motor
resulting in a low peak torque capability (30% of our SEA).
Another comparable exoskeleton design is done by Zhang et
al. [35]. This 2-DOF hip exoskeleton design (frontal plane
assistance) has the SEA with minimal form factor by tightly
integrating a custom torsional spring. However, the design
was still limited as it integrated an off-the-shelf interface
and did not optimize auxiliary components (e.g., electronics
backpack) which resulted in an overall mass of 10 kg. Con-
sidering these literature standards, our design achieved the
state-of-the-art SEA-based hip exoskeleton as it optimized
design criteria from several key factors that contribute to the
overall human-exoskeleton performance.

For human applications, it was critical to accurately un-
derstand the relationship between the SEA torque RMSE and
the user’s state information (e.g., walking speed) to apply a
relevant feedforward gain to the exoskeleton control. As il-
lustrated in Fig. 11, the torque tracking RMSE increased
with both the magnitude and speed, thus indicating a need for
higher feedforward gains for higher magnitudes and speeds.
One key feature that was noticed was that the overall trends
of the torque tracking error for the magnitude and speed con-
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ditions were different. While the increase in the subject’s
walking speed should have induced a greater load to the SEA
performance due to the increase in the angular velocity de-
mand, the resulting trend was different. Instead, the tracking
error converged after a certain walking speed (approximately
1.4 m/s and higher). Since walking speed can be determined
based on the subject’s stride length and frequency, this result
indicated that the subject may have converged to a certain
stride frequency at a faster walking speed.

For different walking conditions, the applied gains were
based on the feedforward function generated from the base-
line PID performance. While it was possible to apply higher
gains for all conditions, this approach did not exhibit a sat-
isfactory performance as certain scenarios caused discom-
fort to the subject. This is because high feedforward gains
can potentially induce instability (e.g., high gains on low as-
sistance magnitude condition) as the overall system started
to become a bang-bang control (small error in PID control
being amplified). For the feedforward controller, we have
applied a static gain for each state condition. While the pro-
posed gain improved the baseline torque tracking as shown in
Fig. 12B, residual torque tracking errors indicate that a more
advanced feedforward controller is needed. For example, the
controller can incorporate the user’s gait phase information
to scale the added feedforward term to correctly comprehend
the high tracking error region.

One of the key limitations in the current field is the lack
of holistic guidelines in designing an exoskeleton system.
Typically, an exoskeleton design study focuses on the me-
chanical design of an actuator and neglects other important
factors (e.g., user interface), which greatly limits the abil-
ity to design a system that can effectively provide assistance
across a wide range of locomotor tasks. On the other hand,
this study optimized the exoskeleton design from a multi-
perspective design analysis, providing a foundational guide-
line for future developers. The extension of this study should
focus on evaluating the exoskeleton performance on human
outcome measures (with a higher subject number) such as
metabolic cost and joint biomechanics.

7 Conclusion

In this work, we have designed and validated an au-
tonomous SEA-based robotic hip exoskeleton for dynamic
locomotion. Our proposed SEA design has a mass of 1.1 kg
and can achieve a peak joint torque up to 108 Nm with a max-
imum angular velocity of 5.2 rad/s. This torque-controllable
SEA was incorporated with a novel user interface capable of
transferring hip joint torque during dynamic movement while
maintaining high efficiency. We utilized a user state-based
PID controller, which integrates the user’s state such as walk-
ing speed and locomotion mode, allowing us to achieve a
high fidelity closed-loop torque control during diverse walk-
ing conditions. Our study results provide meaningful con-
tributions to the exoskeleton community in developing the
next-generation wearable system for human augmentation
during dynamic movements.
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Supplemental Document
Simulation of the Series Elastic Actuator Operating Voltage

One of the key actuator design criteria when developing an exoskeleton is the optimization of the operating voltage.
Conventionally, this operating voltage does not vary as the output shaft is often locked (minimal change in the velocity)
during torque control. Conversely, in exoskeleton applications during locomotion, the actuator rotor is constantly back-
driven by the user. This phenomenon leads to an unwanted back EMF voltage around the motor armature causing voltage
fluctuations in the motor driver. To ensure a safe operation of our exoskeleton, we simulated our SEA voltage response
during different walking conditions. The governing equation that dictates the motor voltage is

Vin = 2Ry + ke Oy, ey

where V,, is the motor voltage, T, is the motor torque, k; is the motor torque constant, R,, is the motor winding resistance,
k. is the motor voltage constant, and ®,, is the joint angular velocity.
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Supp. Fig. 1. Simulation of the series elastic actuator operating voltage across different walking conditions. (A) Level-Ground, (B) Ramp
Ascent, (C) Ramp Descent, (D) Stair Ascent, and (E) Stair Descent.

Along with this equation, we utilized human gait biomechanics data (biological joint moment and joint angular velocity)
to calculate the actuator voltage across different walking speeds (0.8 m/s ~ 1.6 m/s) and ambulation modes (LG, RA, RD,
SA, and SD) (Supp. Fig. 1). For ramps and stairs, we included terrain contexts that followed the Americans with Disabilities
Act Accessibility Standards for building construction (ramp, 7.8° ~ 12.4° and stair, 10.2 cm ~ 17.8 cm). Using the SEA
gear ratio, we calculated the required t,, and ®,, and other variables (k;, R,,, and k,) were obtained from the manufacturer’s
datasheet. We assumed that the exoskeleton user had a body mass (90 kg) of an average male in the United States and the
assistance level was set to 100% of the user’s biological hip joint moment. Our Simulation results indicated that our SEA
does not exceed our operating voltage (24 V) across all walking conditions.
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