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Abstract—The assistive exoskeletons are rapidly being
developed to collaborate with humans, and the demand for
the safety of human-robot interaction has become more
crucial. Series elastic actuators (SEAs) have recently been
developed in various fields for a variety of possible
advantages, such as providing a safe human-robot
interaction, reducing the impacts’ effects, and increasing
energy efficiency. However, achieving the good dynamic
performances of SEAs is still challenging, especially
fulfilling the high bandwidth with good compliance. In this
rapidly growing research field, the actuation system
involving the storage device combined with the rotary series
elastic actuator (ES-RSEA) is being investigated to exploit
the biomechanical energy while maintaining compliance
features. In this article, the modeling and control design of
the energy storage rotary series elastic actuator (ES-RSEA)
for the lumbar support exoskeleton is proposed, and its
dynamic performances are analyzed. The ES-RSEA was
designed based on storing the Kkinetic energy during the
lifting tasks and generating assistive torque while
maintaining excellent compliant characteristics. The
dynamic performances and characteristics of ES-RSEA are
presented in terms of force sensitivity, level of compliance,
transmission ratio, and bandwidth. Simulation studies
indicate that the actuator can provide excellent dynamic
performance through its high bandwidth (12.44 Hz) and
high force sensitivity. At the same time, it shows excellent
compliance and good torque transmissibility in the low-
frequency range. A PID controller can achieve high torque
tracking performance and good dynamic response with a
root-mean-square (RMS) error of 0.1 N.m. This article
demonstrates the excellent performance and characteristics
of ES-RSEA to guarantee compliance and high response to
prevent injury of undesired human movements.
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1. INTRODUCTION

Lumbar spine injuries are considered the highest risk
factor in industrial workplaces involving heavy lifting and
manual material handling (MMH) [1]. The exoskeleton
technology has been introduced as a new approach to
prevent the risk of back injuries in workers while
maintaining human flexibility and strength [2]. These

wearable bionic devices enable the human body to reduce
the requirement of muscular effort or lumbar stress during
manual material handling (MMH) [3, 4]. The assistance
torque of the exoskeleton is transmitted to the human torso
by placing the actuators at hip joints. The actuation system
can be assorted into passive and active actuators according
to the core of their assistive source. The passive actuators
mostly utilized passive components such as springs,
dampers, and the elastic band as an assistive source in the
lumbar support exoskeleton. Since the passive actuators
are not able to provide sufficient assistance to muscle
activity [5], the active actuators have been developed to
generate higher power assistance to the human body by
using an external power source to supply the actuators.
Different types of active actuators have been used in the
lumbar support exoskeleton to augment the human muscle
for example electric motors, pneumatic artificial muscles
(e.g., Muscle Suit [6]), hydraulic actuators, and soft
actuators [7].

The current active actuators suffer from being rigid and
stiff, which causes them difficulties to adapt to
unpredictable impact loads or movement due to their high
impedance and resistance. Therefore, the series elastic
actuators (SEAs) have been presented as a type of
compliant actuator in robotic industries for their various
advantages over rigid actuators [8]. The SEA architecture
achieves high force control fidelity with low impedance,
good bandwidth, and backdriveability. Using feedback
force control for SEA, the output force can be measured
based on Hooke’s law which is related to elastic
deformation [9]. Although, the wide use of SEA in
different exoskeleton applications, it has been found only
a few studies of lumbar support exoskeletons utilized the
elastic actuator whether in series or parallel configuration.

The active actuator usually demands a high-power
source that may affect the robot’s overall mass with
limitation of working hours while the passive actuator with
its physical nature provides low levels of assistance. In
addition, the majority of the current lumbar support
exoskeletons have not involved the biomechanical energy
conversion of the human movement during the lifting
tasks. However, it is still great challenging to achieve a
high overall performance of the actuators in the field of



exoskeletons. Therefore, novel energy storage-rotary
series elastic actuator (ES-RSEA) has been proposed and
developed at the University of Malaya [10] to provide
higher torque assistance and compliance with less power
consumption in compact and modular design. The key role
of ES-RSEA is to harness the kinetic energy through
human movement during the lifting task and generate
assistance torque without an external power source.

However, the modeling, control design, and dynamic
performances have not been investigated for the proposed
ES-RSEA. This paper investigates the modeling and
dynamic characteristics of the proposed ES-RSEA for
lumbar support exoskeleton, and its control architecture is
presented. The PID control scheme is designed and
analyzed in both torque tracking performance and
dynamic characteristics based on the derived dynamic
model of the actuator. The sensitivity, compliance,
transmissibility, and bandwidth are considered the main
criteria for assessing dynamic performance.

2. CONCEPT AND MODELING

A. Actuation Concept Of The ES-RSEA

The classic series elastic actuator (SEA) configuration
consists of an output link, spring, transmission reducer,
and motor drive, where the attached spring can sense the
output torque from its deformation [11]. However, ES-
RSEA was modified [12] based on this configuration by
combining the spiral spring with an actuator layout. The
spiral spring is meant to store and release the energy to
provide additional energy to the lumbar support

exoskeleton to assist the lifting task. In contrast, the
torsional spring operates as the compliant element for the
actuator, as shown in the ES-RSEA configuration in Fig.
1.
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Fig. 1. ES-RSEA configuration

The proposed lumbar support exoskeleton consists of
two actuators ES-RSEA located on each hip joint with a
flexible wearable structure, as shown in Fig. 3 [12]. ES-
RSEA is designed in compact and modular design, as Fig.
2 shows the quarter section view of the actuator. The flat
DC brushless motor (EC90, 24 V, 160 W, Maxon motor,
Switzerland) was assembled with Harmonic Drive (CSD-
25-100-2A-GR, Harmonic Drive®, Germany). The
actuator is coupled with two encoders: the MILE encoder
(1024 Cpt) is embedded with a DC motor, and the RMB14
angular magnetic encoder (absolute-12 bit-RLS) is set on
the axis output link. The planner torsional spring is placed
between the harmonic drive and output link while the
spiral spring is rigid from one side, and another side is
connected to the output link. The design parameters of
torsional and spiral springs were optimized based on finite
element analysis (FEM) to reduce the weight and size

while maintaining excellent characteristics. Consequently,
the stiffness value for the torsional and spiral springs are
450 Nm/rad and 10 Nm/rad, respectively. Also, the
maximum output torque is 45.7 Nm with 100 reduction
rat1os.
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Fig. 2. Quarter-section view of ES-RSEA
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Fig. 3. Soft trunk-hip exoskeleton schematic

B. System Modeling Of The ES-RSEA

a) Dynamic model: The actuator ES-RSEA is
modeled as a system consisting of rotary elements with a
two-mass system and three degrees of freedom, as shown
in Fig. 4. The torque output T, is proportional to the
spring deflection 85. By Hooke's law [13], the torque
output T, of the actuator is:

Tp =15 — Ky6, (1
1, = K, 65 2)

where:
8, =(N"'0,—-6) 3)
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Fig. 4. Schematic diagram of ES-RSEA

Referring to Fig. 4, the equation of motion of the
motor side and the load side according to Newton's
second law is given by:

m = Jm em +Bn em + Kl(N71 Om — 61) |\ 4)

Text. = J1 61+ B1 6 + K, (8, —N7'6,,) + K, 6, (5)

where N is the reduction ratio, T, is the assistive
torque of the actuator, T,y is the disturbance torque, T, is
the generated torque of the motor, J; is the moment of
inertia for the load link, J,,, is the moment of inertia of the
rotor, B; is the damping coefficient for the load link, B,
is the damping coefficient of the rotor. K; represents the
stiffness of torsional spring, K, is the stiffness of spiral
spring, 0, is the angle of the load link, 6,, is the output
angle of the motor, and 6 is the spring deformation.

The dynamic model of the proposed ES-RSEA can
thus be described in Fig. 5. Note that the dynamic model
of the proposed ES-RSEA has different dynamic
characteristics compared to the conventional SEA, which
is related to the second spring stiffness in the proposed
design. The spiral spring is connected to the load side
while the other side is fixed. The human factors have not
been included in the derived mathematical model since the
actuator system is physically interacting with a human
joint, and it is not simple to calculate the exact value of the
inertia and damping ratio of the human hip joint.
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Fig. 5. Block diagram of ES-RSEA

b) Dynamic characteristic analysis: The dynamic
analyses were carried out in open-loop and closed-loop
analyses to evaluate the actuator characteristics. Based on
the open-loop transfer functions, three criteria for
assessing the characteristics and performance of ES-
RSEA are considered [14], namely force sensitivity,
torque transmissibility, and compliance. These transfer
functions represent the relationships between the inputs
( T, the motor torque, and the external torque 7,,;) and

Spiral Spring

the outputs (three angles 6;, 65 and 8,, and the output
torque 7,), as given in Table 1. The variables B, (s),
P;(s), D(s) and Q(s) shown in Table 1, are defined as:

1
Pu(s) = ST+ B.s (6)
PI(S) =]152 +BlS (7)
D(s) = P(s) + (SN2 + kit ®)
Q(s) = B(s) k1" kp + B(s) P (s) N2k, )]

Another dynamic evaluation for the actuator model is
the bandwidth analysis of the closed-loop torque control
[15]. The block diagram of the bandwidth test is illustrated
in Fig. 6. For the bandwidth analysis, it is necessary to fix
the output link by setting the input human hip angle (load
angle side) to zero. In addition, the saturation function was
used in the Simulink model to limit the maximum voltage
of the DC motor (24V) for better accurate simulation.
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Fig. 6. Block diagram of the bandwidth test

TABLE 1. TRANSFER FUNCTIONS OF ES-RSEA

Criteria Transfer Proposed ES-RSEA
Function
TA(s) N~ P,(s)
Transmissibility () m
S,(s) sP(s) (ki* + N2 P,(s))
Compliance | 7 ) D) + Q)
Force 05(s) R(s) ki*
Sensitivity Text.(S) D(s) + Q(s)

3. TORQUE CONTROL DESIGN

A feedback control loop was implemented to improve
the tracking performance of the actuator. A PID controller
was implemented to control the ES-RSEA based on the
derived dynamic model. For the design of the PID
controller, the control scheme was configured, as shown
in Fig. 7. The 1, represents the desired input torque, and
the T, is the output load torque that would be controlled.
The plant is an electromechanical transfer function of ES-
RSEA. Since the output torque is estimated depending on
the spring deformation, the SEA turns the torque control
problem into the spring deformation problem from the
motor current decision problem [8]. Moreover, it uses the
position encoder as torque feedback. The controller
parameters were tuned using the PidTune command in
MATLAB with the plant's derived dynamic model. The
parameters of the control scheme were identified based on
the datasheet of the Maxion DC motor and the physical
specification of the dynamic system, as shown in Table 2
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Fig. 7. Control implementation of ES-RSEA

TABLE 2. IDENTIFIED PARAMETERS OF ES-RSEA

Parameter Value
I 1.2578 % kg.m?
B, 0.08 N.m.s/rad
N 100
Jm 0.0003170 kg.m?
B, 0.01 N.m.s/rad,
K, 0.0712 Nm/A
Ky 0.0714 rad/s.V
L 0.232 mH
0.216 Q

4. RESULTS AND DISCUSSION

A. Torque tracking performance

The dynamic model of actuator ES-RSEA with
feedback control loop was commanded to follow the input
pattern to validate the torque control performance, which
had its frequency SHz and amplitude of 1 Nm, with two
kinds of torque reference forms, sinusoidal waveform, and
step response. The dashed lines in Fig. 8 and Fig. 9
indicate reference signals, and the solid lines represent
measured torque outputs. These results indicate that the
dynamic model's PID controller can achieve high torque
tracking performance up to 5 Hz with a slight phase delay
and root-mean-square (RMS) error of 0.1 N.m. There was
no overshoot, and the rise time was less than 0.1 sec.,
which indicates the system's good dynamic performance
and response.
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Fig. 9. Torque tracking performance-step reference

B. Open-loop transfer function analysis

Three dynamic performances are carried out as
evaluation criteria for the actuator based on the open loop-
transfer functions for force sensitivity, torque
transmissibility, and compliance, as shown in Table 1. The
frequency response results are presented as magnitude
bode plots using MATLAB.

The force sensitivity result is shown in Fig. 10. The
result assures the high magnitude of force sensitivity for
the proposed actuator. In other words, the spring can sense
the external force and generate spring deformation without
affecting the motor side.

The compliance criteria present two different
behaviors of the actuator according to frequency range, as
shown in Fig. 11. In the low-frequency range, the
compliant response increases proportionally with the
frequency until it reaches the peak in 2000 rad/s. Then, it
drops gradually within the high-frequency range above
2000 rad/s. These compliance attitudes enable the actuator
to behave softly at low frequency and rigidly at high-
frequency range.

Fig. 12 shows the frequency response results of the
transmissibility of the actuator. The results indicate that
the transmission ratio of the actuator is nearly steady until
the frequency reaches around 40 rad/s. Next, the
transmissibility drops gradually to hit the bottom at the
frequency of 1000 rad/s; then, it shows a sharp fall after
the peak in 2000 rad/s. As a result of decreasing
transmissibility at a high-frequency range, the actuator
cannot deliver torque from the motor side to output within
these frequencies. However, the actuator design
requirement of the lumbar support exoskeleton does not
require a high frequency to operate the lifting tasks.
Therefore, the torque transmissibility of the actuator is
good at the low-frequency range as desired for the
application.
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Fig. 12. Frequency response of transmissibility.

C. Close-loop analysis

To benchmark, the proposed actuation's versatility and
torque control bandwidth for the closed-loop system is
used as a metric to demonstrate the actuator's overall
performance and validate whether the proposed design
meets the bandwidth requirement of hip joint movement.
The input reference torque was commended by
implementing the sinusoidal chirp signal with a range from
0 to 100 Hz and a magnitude of 45 Nm, as shown in Fig.
6. The simulation result was carried out as a Bode plot, as
illustrated in Fig. 13. The Bode plot shows that the actuator
model reaches high bandwidth of 12.44 Hz. The
bandwidth simulation may contrast with the experiment
and actual results due to the model's simplicity and
assumptions. However, the bandwidth simulation analysis
can assure the actuator model's underlying characteristics
with the system bandwidth (12.44 Hz). Compared with the
Back-Support Exoskeleton (Mk2) [16] utilizing PEA with
4.85 Hz bandwidth, the bandwidth control of ES-RSEA is
more robust and safer with uncertainties.
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Fig. 13. Bandwidth result

5. CONCLUSION AND FUTURE WORK

This paper proposes the mathematical model and
control design of a novel ES-RSEA for the lumbar support
exoskeleton, and its dynamic characteristic is investigated.
The ES-RSEA exploits the biomechanics of lifting
movement to store the kinetic energy and then release the
energy as additional assistance torque. The frequency
response analysis of this actuation paradigm exhibits high
force sensitivity and high compliance at low frequency. It
can deliver torque to the load side with good
transmissibility at the low- frequency and fulfill the hip

joint's required frequency with a high bandwidth (12.44
Hz) without implementing complicated control methods.
The torque tracking analysis shows that the PID controller
of the actuator could track the input command with an
approximate root-mean-square (RMS) torque error of 0.1
Nm and no overshoot. Consequently, ES-RSEA has the
potential to ensure compliance and high response to handle
unexpected human movements, preventing any injury and
reducing exoskeleton structure and motor damage.

The limitation of this study is that there is no
experiment study to implement a control scheme into the
actual hardware test for the ES-RSEA. The proposed
torque controller is not optimal yet. Our future work will
investigate the adaptive control strategies using this
experiment platform and assess the dynamics
characteristics of the actuator.
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