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Design, Control, and Validation of a Novel
Cable-Driven Series Elastic Actuation System for a
Flexible and Portable Back-Support Exoskeleton

Hongpeng Liao
Masayoshi Tomizuka

, Hugo Hung-tin Chan

Abstract—Various active back-support exoskeletons have been
developed to assist manual materials handling work for low back
injury prevention. Existing back-support exoskeleton actuation ei-
ther suffers from rigid transmission structure, or fails to efficiently
generate assistance via portable actuation system with flexible
transmissions. In this article, a novel cable-driven series elastic ac-
tuation (CSEA) system is proposed to realize a flexible and portable
back-support exoskeleton design with safe, efficient, and sufficient
assistive torque output capability. The CSEA system realizes a
flexible actuation based on cable transmission for an ergonomic
human—exoskeleton interaction. Based on a torsion spring—support
beam mechanism, it achieves an efficient assistance output capa-
bility to prevent high cable force demand and resultant lumbar
compression, assuring a safe and synergistic operation for flexible
exoskeleton actuation. Meanwhile, this mechanism enables the
CSEA system to integrate series elastic actuator (SEA) with cable
transmission and operates with multiple statuses to leverage SEA
advantages and to overcome its torque output limitation. Dynamic
model is established for the CSEA system, and a unified torque
controller is designed for stable, continuous, and accurate torque
control of the CSEA system despite its discontinuous dynamics
during operation status transition. The efficacy of the closed-loop
CSEA system to enable an ergonomic and efficient back-support
exoskeleton actuation with the capability of accurately delivering
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desired level of assistance is verified via bench tests and human tests.
Results verified that the CSEA system actuated exoskeleton can
effectively reduce activity of relevant muscles during trunk flexion
and extension motions compared to no exoskeleton case, validating
successful application of the CSEA system on the exoskeleton for
an effective back support effect.

Index Terms—Back-support exoskeleton, cable-driven actua-
tion, continuous tracking control, multiple status transition, series
elastic actuator (SEA).

1. INTRODUCTION

ANY occupations related to industry, agriculture, and

logistic demand frequent manual materials handling
(MMH) work. During forward trunk bending in the MMH work,
the large forces from back muscles to maintain a stable and
consistent human motion dynamics can result in high physical
stress on the lumbar spine [1], exposing workers to a high risk
of low back injury [2]. Wearable back-support exoskeletons,
which combine human flexibility and assistance from robotic
system, are regarded as a promising approach to provide low
back support in different scenarios [3].

Existing back-support exoskeletons are commonly equipped
with rigid actuation systems that interact with the wearer through
rigid structures [4], [5]. By transmitting force perpendicular to
the wearer’s trunk and thighs, the rigid actuation systems can
effectively generate assistive torque to assist motion of hip joints
as well as the spinal joints. However, rigidity of the transmission
structures can restrict human natural movements and lead to
misalignment between the structures and attached human body,
causing safety hazards and discomfort for human—exoskeleton
interaction (HEI) [6], [7], [8],[9], [10], [11], [12], [13]. The rigid
actuation system commonly relies on extra mechanisms to com-
pensate the misalignment and mitigate limitations on wearers’
range of motion (RoM), bringing bulky and complex system
structures [14], [15]. In contrast, the cable-driven actuation
system can realize flexible actuation to avoid these limitations.
It interacts with wearers via only soft cable and interaction
accessories to reduce restriction on human natural RoM. Mean-
while, it can compensate misalignment between transmission
structures and human body with redundant degree-of-freedoms
(DoFs) from the cable transmission for an ergonomic HEI. Due
to these advantages, it has been widely applied to different
exoskeletons [16], [17], [18]. By leveraging flexibility of the
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cable transmission, the actuation unit placement in cable-driven
exoskeletons can be customized with an off-board or on-board
configuration to suit the specific application requirements. To
avoid large stress on exoskeleton structure and human body
from large cable force, some cable-driven exoskeletons for re-
habilitation and mobility enhancement place the actuation units
on external frames [19], [20], [21], [22]. With the off-board
actuation unit and cable route placement, these cable-driven
actuation systems can easily achieve a large moment arm for
the assistive force to efficiently generate sufficient assistive
torque with small cable force. However, it severely hinders the
exoskeleton portability. Cable-driven actuation system has also
been applied with on-board actuation unit for portable exoskele-
tons, such as walking assistance exoskeletons [23], [24], [25],
but the assistive torque output range is commonly limited by the
small moment arm relative to the assisted human joints.

Considering the challenging requirements of portability and
high assistance output, few back-support exoskeletons were
equipped with cable-driven actuation systems [4]. Yang et al.
[26] applied cable-driven actuation for a continuum soft back-
support exoskeleton but with an off-board actuation unit. In [27],
[28], and [29], portable cable-driven back-support exoskeletons
were developed to assist symmetric trunk flexion and extension
(TFE) motion. Li et al. [30] designed a cable-driven back exosuit
to provide assistance for both symmetric and asymmetric TFE
motion. Based on the cable-driven actuation system, these back-
support exoskeletons achieved a flexible exoskeleton design to
interact with wearers’ trunk via soft structures. These conven-
tional cable-driven actuation systems placed the cable behind
and parallel to the human trunk. Compared with biological back
muscles, they keep mechanical advantages to support for TFE
motion via lower forces with a larger moment arm relative to
hip and spinal joints. However, the moment arm remains much
lower than that of rigid actuation systems, setting a higher force
demand to output same assistive torque. In comparison to the
rigid actuation systems, the parallel cable placement and high
cable force demand of the conventional cable-driven actuation
system result in a relative inefficient assistance output capability,
both mechanically and biomechanically. From the mechanical
design aspect, the high cable force required to generate assistive
torque can put large stress on the exoskeleton structure, leading
to operation safety risks in the case of structural fracture. Mean-
while, a high-power actuation unit to meet the high cable force
demand can bring heavy weight and high output impedance.
From the biomechanical aspect, the parallel assistive force on
human trunk could result in lumbar compression similar as back
muscle forces to weaken the assistive effect on lumbar loads alle-
viation [15], [31]. Moreover, uncomfortable HEI may be induced
from a large interaction force exceeding certain comfort limits
[32].

In addition to cable transmissions, compliant actuators are
also commonly adopted to improve exoskeleton actuation per-
formance and HEI experience [33]. Among them, series elastic
actuator (SEA), which incorporates series elasticity between the
actuation unit output and load side [34], is widely applied to
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reduce actuation output impedance and improve force control-
lability, shock tolerance, and HEI safety [35], [36]. Some ex-
oskeleton actuation systems combine SEA with cable transmis-
sions to empowered cable-driven actuation with SEA features
[371, [38], [39], [40]. For back-support exoskeleton, Hyun et al.
[11]and Lee and Kim [12] applied SEA with cable transmissions
to achieve an energy efficient exoskeleton actuation while the
transmission structure remains rigid. In contrast, while Song et
al. [29] integrated SEA into a flexible cable-driven actuation, the
force transmission follows the conventional parallel placement
with a relatively inefficient assistance output capability.

As the SEA characteristics are largely affected by the stiffness
of the serial elastic component, the application of SEAs is
also limited with performance tradeoffs brought by different
selections of the serial elastic component [41], [42]. Specifically,
SEAs with low stiffness elastic component can obtain high
compliance and shock tolerance, benefiting for smooth and safe
force control, but have a narrow force bandwidth. Moreover,
the low stiffness and finite deflection of the elastic component
would limit the SEA force output range, as reported in [11],
[12], and [29]. By contrast, SEAs with high stiffness elastic
component can output large force with a wide force control
bandwidth but at the expense of low force output fidelity and high
output impedance. In order to better leverage SEA advantages
and avoid its limitations, SEAs with adjustable stiffness have
been investigated [43], [44]. However, these variable stiffness
systems are usually highly complex, heavy, and bulky, limiting
the application for portable exoskeleton actuation. In this article,
based on a compact torsion spring—support beam mechanism
with deflection constraint, a cable-driven series elastic actuation
(CSEA) system is developed to operate with two statuses to
gain SEA features while overcoming its limitations. With freely
deflected torsion springs under a small assistive torque output,
the CSEA system performs with dynamics as a SEA, which is
defined as SEA status. When the torsion springs are constrained
from deflection under a large torque output, the CSEA system
would transit to operate with dynamics as a conventional stiff
actuator (CSA) to overcome the output limitations of SEA status
for fast and sufficient assistive torque output. This operation
status is defined as CSA status.

The transition of the operation status can lead to a discontinu-
ous system dynamics, making it challenging to achieve a stable,
continuous, and accurate torque tracking. Specifically, various
control methods have been developed for force control of CSAs
[45], [46], [47] and SEASs with constant stiffness or variable stiff-
ness [48], [49], [50], [51]. For a SEA with multistage stiffness,
Yu et al. [52] designed a switching controller for force control
of a SEA with two-stage stiffness and Li et al. [53] designed
a continuous controller for position control of the same SEA.
However, these controllers do not provide direct solutions to en-
sure a desired stable, continuous, and accurate torque control of
actuation systems capable of transitioning between SEA status
and CSA status in which the interface between actuation unit
output and its load is highly stiff, contrasting with the compliant
interface of SEA status.
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The goal of this article is to develop an actuation system
to facilitate a flexible and portable back-support exoskeleton
design to generate sufficient assistive torque ergonomically and
efficiently. To this end, this article presents the design, control,
and validation of a novel CSEA system. First, a novel CSEA
system with multiple operation statuses is developed to realize
a flexible and compliant back-support exoskeleton actuation
with an efficient assistance output capability. Second, dynamic
models are established to describe the CSEA system dynamics
in different operation status. Third, a unified torque controller
is designed to ensure a stable, continuous, and accurate torque
control of the CSEA system. The stability of the closed-loop
system is theoretically analyzed. Finally, both bench tests and
human tests are carried out to validate the effectiveness of the
closed-loop CSEA system for back-support exoskeleton appli-
cation.

The core contributions of this article lie in the improvements
of the proposed CSEA system over conventional cable-driven
back-support actuation systems and the proposal of the unified
torque controller.

1) Instead of placing the cable parallel to the wearer’s trunk
as the conventional cable-driven actuation systems, the
CSEA system connects the cable to the human trunk with
an interaction angle for a bias force output using a support
beam. It effectively enlarges the moment arm of the trans-
mitted cable force and reduces the force parallel to the
wearer’s trunk, enhancing the assistance output efficiency
both mechanically and biomechanically.

2) The CSEA system enhances cable-driven actuation with
SEA advantages compared with the actuation systems
in [26], [27], [28], and [30], and operates with multiple
statuses to overcome torque output limitations of SEA
mentioned in [11], [12], and [29], realizing a flexible and
compliant back-support exoskeleton actuation with a large
assistance output capability.

3) A unified torque controller is designed and validated to
ensure a stable, continuous, and accurate torque control
for the actuation system with operation status transitioning
between SEA status and CSA status like the proposed
CSEA system, which cannot be directly achieved by the
existing force controllers for CSAs or SEAs with fixed or
variable stiffness.

This article extensively extends our previously work in [54]

in the following aspects:

1) design of a compact torsion spring—support beam mech-
anism with deflection constraint to enable the CSEA
system to operate with multiple statuses to gain SEA
features while overcoming torque output limitations of
SEA;

2) modeling of kinematics and dynamics of the CSEA sys-
tem;

3) analysis of operation principle and output capability of the
CSEA system, based on which its design guidelines are
summarized for practical implementation;

4) development of a unified torque controller for stable, con-
tinuous, and accurate torque control of the CSEA system
with sound stability proof;
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TABLE I
PARAMETERS OF THE BACK-SUPPORT EXOSKELETON ACTUATION SYSTEM

Parameters Desired CSEA
System
Max. assistive torque output (N-m) > 50 75
Max. adapted TFE speed (rad/s) >2 2.42
Force on shoulder under 50 N-m assistive <3105 130
torque output (N)
Assistive torque bandwidth (Hz) > 0.5 3.65

Resistance on unassisted motion (N-m)* 0 0.2
RoM reduction of trunk flexion™

(° /% relative to natural RoM) 070 3 1%/4.0%
RoM reduction of trunk lateral bending” °

(° / % relative to natural RoM) 070 2.57/4.8%

RoM reduction of trunk axial rotation” 0/0 0.3°/0.6%

(° / % relative to natural RoM)

*tested for the closed-loop CSEA system.
“tested for the CSEA exoskeleton equipped with two CSEA systems.

5) implementation of the CSEA system for a flexible and

portable back-support exoskeleton;

6) efficacy validation of the CSEA system and the unified

torque controller via bench tests and human tests.

The rest of this article is organized as follows. Section II de-
tails the CSEA system, including the design requirement, system
architecture, working principle and output capability. Section II1
establishes the CSEA system model. Section IV describes the
unified torque controller. Section V evaluates performance of
the closed-loop CSEA system via experiments. Discussions are
presented in Section VI. Finally Section VII concludes this
article.

II. CSEA SYSTEM DESIGN
A. Design Requirements

To achieve an ergonomic and effective assistance of TFE, the
back-support exoskeleton actuation system is expected to the
following:

1) put no restriction on natural RoM and render zero output

impedance to unassisted movements;

2) ergonomically transmit assistive torque for a safe and

comfortable HEI;

3) timely, accurately, and smoothly output sufficient assistive

torque for effective assistance.

Specifically, as listed in Table I, the actuation system should
not only accommodate the TFE motion in the sagittal plane,
but also the trunk lateral bending in the frontal plane and axial
rotation in the transverse plane to preserve a natural trunk RoM.
Moreover, resistive torque from the actuation system is desired
to be zero during the movements other than the target-assisted
TFE motion to avoid undesired resistance.

For the second expectation, the actuation system should have
sufficient DoFs to compensate misalignments between actuated
exoskeleton joint and assisted human joints. This is to avoid
parasitic forces and relative movement between the interaction
attachment and the human trunk for an ergonomic assistance
transmission. It is additionally desired that the force acting on
human trunk from the auction system should stays blow the
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Fig. 1. Architecture of the CSEA system and its implementation on a flexible and portable back-support exoskeleton. (a) CSEA system architecture. (b) CAD

model of the back-support exoskeleton with two CSEA systems (CSEA exoskeleton). (c) Subject wearing the CSEA exoskeleton prototype.

comfort limit of 310.5 N per shoulder [32] to guarantee a safe
and comfortable HEI as listed in Table I.

The requirements to meet the third output expectation are
specified based on the biomechanical characteristics of TFE
motion, as listed in Table I. According to previous studies
[55], [56], a peak biological moment about 200 N-m can be
generated on hip and lumbar spinal joints under a peak trunk
flexion velocity of around 2 rad/s during common TFE motions.
To meet the third expectation, the back-support exoskeleton
is expected to be capable of generating an assistive torque
exceeding half the peak biological moment to keep the potential
for providing sufficient assistance for different TFE motions.
Assuming that the back-support exoskeleton is powered by two
actuation systems, each actuation system is thus required to be
able to output an assistive torque of over 50 N-m. Meanwhile, it
is required to be able to deliver the peak assistive torque under
the TFE motion speed of 2 rad/s to avoid being speed limited. To
better ensure a timely and accurately assistive torque delivery for
assisting TFE at various speeds and frequencies, the actuation
system is required to achieve a torque bandwidth of no less
than 0.5 Hz, which is double of the maximum recommended
continuous lifting frequency (15 lifts/min) [57].

B. System Architecture and Rationale

The CSEA system and a flexible and portable back-support
exoskeleton adapted from [56] called CSEA exoskeleton, which
is equipped with two CSEA systems, are shown in Fig. 1.
Each CSEA system consists of a motor—gear—pulley actuation
unit, a cable transmission, and a torsion spring—support beam
mechanism, which is comprised of a support beam and a tor-
sion spring set with deflection constraint. The force from the
actuation unit is transmitted to human trunk through the cable
transmission. With the hip joint clutched with thigh assembly
during exoskeleton operation, the reaction force on the torsion
spring set is transmitted to the thigh via the thigh linkage
and harness. These force transmissions work in conjunction to
generate assistive torque on hip and lumbosacral (L5/S1) joints
for TFE assistance, as depicted in Fig. 1(c). With the flexibility of
the cable, the CSEA system interacts with human trunk through

only soft structure. Rather than being placed parallel to human
trunk, the cable out from the actuation unit is guided through
the support beam before connected to human trunk for a bias
cable force. As a result, the moment arm of the cable force
relative to lumbosacral joint is effectively enlarged compared
with the conventional cable-driven actuation system. Within the
torsion spring—support beam mechanism, the base of the support
beam is connected to the torsion spring set. The spring set
consists of two torsion springs for the convenience of adjusting
stiffness by setting different spring combinations. Meanwhile, a
constraint mechanism is set to impose a constraint to the torsion
spring deflection to enable the CSEA system operates with
multiple statuses. Specifically, it operates in SEA status when the
torsion springs were deflected within the free deflection range.
After the torsion springs encounter the constraint under a suffi-
cient large assistive torque output, the CSEA system operates in
CSA status. In SEA status, the torsion springs and support beam
would rotate under transmission of varying levels of assistive
torque. The elasticity of the torsion springs enables the CSEA
system to perform as a SEA with intrinsic compliance. In CSA
status, the torsion springs are constrained from rotating in re-
sponse to assistive torque variation due to the imposed deflection
constraint. The CSEA system directly transmits cable force to
human trunk without deflecting any elastic component as a
CSA.

The schematic diagrams of the CSEA system operating in
SEA status and CSA status are shown in Fig. 2. The gray link
with length of D represents the human trunk. The red link with
length L refers to the support beam connected to the torsion
spring set with equivalent stiffness &, which is illustrated by a
spiral. The blue line with length [ linking the human trunk and the
support beam tip denotes the taut cable during the CSEA system
operation. The initial angle 6y denotes the intersection angle
between the support beam and human trunk that initially leads to
a taut cable when the exoskeleton wearer starts to flex the trunk.
0. denotes the allowable deflection angle of the torsion springs
before reaching the deflection constraint. The rotation axis of the
torsion spring set, i.e., support beam rotation axis, is assumed
to coincide with the equivalent axis of the hip and lumbosacral
joint rotation for the simplification of the kinematics and kinetics
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Schematic diagram of the CSEA system. (a) SEA status. (b) CSA

analysis. The reasonability of this assumption with minor effect
on the accuracy of the kinematics and dynamics modeling is
verified through experiments presented in Section V. With this
assumption, a triangular configuration is formed by the support
beam, human trunk, and the taut cable during the CSEA system
operation. Based on this kinematics geometry, the delivered
assistive torque T, from the cable force F,. for TFE assistance
can be calculated as

Ty=F;-D =F, -sin(ay)-D (1)

where F}; is the perpendicular component of F, relative to human
trunk, and o is the angle between the taut cable and human
trunk.

As shown in Fig. 2(a), due to the perpendicular component
force Fs on the tip of the support beam, the support beam would
rotate with the torsion springs for an angle 65 in SEA status.
The resultant torque 7’5, which induces a deflection of 6, for the
torsion springs, can be calculated as

T,=F, -L =F, -sin(ag)-L=Fk- 0y 2)

where oo denotes the angle between the support beam and the
taut cable.

For the triangular system configuration, the following rela-
tionship can be obtained from law of sine:

D -sin (o) = L -sin (az) . 3)

Based on (1)—(3), relation between the assistive torque 7}; and
the spring deflection 6, in SEA status is given by

Ty=T,=k-0,. )

This enables the CSEA system to obtain the assistive torque
feedback from spring deflection, such as conventional SEAs. In
the SEA status, the CSEA system operates with similar dynamics
and features as conventional SEA, including the torque feed-
back capability and intrinsic compliance. This is theoretically
validated via the model established in Section III.

When the generated cable force increases to output an assis-
tive torque exceeding the critical torque 7. (k - ,.), the deflection
constraint would hold the torsion springs and support beam
to prevent further deflection. The CSEA system would thus
operate as a CSA, as illustrated in Fig. 2(b). In this CSA status,
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whose horizontal axis is « and torque—rotation characteristic of the support
beam whose horizontal axis is Os.

the delivered assistive torque can be calculated based on cable
force F, following the definition (1) as:

T;=F, -sin(a1)-D
L

=F, - -sin (0y) - D
VL2 +D2—2-L-D-cos () (6)
5)

where 6, denotes the angle between the support beam and human
trunk, which is given by

O, =00 +a—0, (6)

where « denotes the human trunk flexion angle.
It should be noted that the positive directions of T, Ty, 05,
and « follow the indication as shown in Fig. 2.

C. System Structural Specifications Determination and
Operation Process Analysis

The CSEA system structural specifications, including torsion
spring set stiffness k, deflection constraint setting angle 6., and
support beam length L, are determined to ensure an effective and
efficient assistive torque generation. A representative assistive
torque profile relative to trunk flexion angle is plotted in Fig. 3
based on collected human TFE motion data [54]. This pro-
file captures the characteristics of commonly applied assistive
strategies, which produce lower assistive torque during trunk
flexion motion for less hindrance and larger assistive torque
during trunk extension motion for sufficient assistance [5], [11],
[29], [58]. It should be noted that the zero-reference point in the
horizontal axis is set as the initial tilt angle of the support beam.
The torque—rotation characteristic of the support beam is also
plotted in Fig. 3. In SEA status, it is equivalent to that of the
torsion spring set, presented as a straight line with slope of k.
After the torsion springs reach the deflection constraint at 6.,
the characteristic profile of the support beam turns to a vertical
line with an infinite slope. According to the assistive torque
definition (1), to guarantee a successful CSEA system operation,
a positive intersection angle between cable and human trunk
should be maintained, i.e., a positive 6, and « . This is achieved
by determining an appropriate torsion spring set stiffness k to
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TABLE II
CSEA SYSTEM SPECIFICATIONS FOR IMPLEMENTATION ON THE CSEA
EXOSKELETON

Item Specifications

Cable 7% 19 stainless steel wire; Diameter: 1.5 mm
Torsion Spring- O o Stiffness: 0.52 N-m/°
Support Beam Torsion spring set Maximum safe deflection: 54.55°
Mechanism Support beam Length: 75% of the weaer’s trunk length
Pulley Radius: 0.05 m
) ) Gearbox Maxon GP52C; Reduction ratio: 19:1
Actuation unit Maxon EC60-614949; Rated Power: 200 W
Motor Nominal torque: 0.536 N-m
Nominal speed: 3240 r/min

Motor driver Maxon ESCON 70/10

ensure no intersection between the support beam characteristic
profile and the assistive torque profile.

As illustrated in Fig. 3, a small stiffness k5 leads to an
intersection between the characteristic profile of the support
beam and the assistive torque profile. With large stiffness, such as
ks, while a positive 6, and o is achieved, it can lead to a support
beam characteristic profile deviating far from the assistive torque
profile, resulting in an obtrusive support beam lagging the human
trunk with a large intersection angle 6. It can also weaken
the ability to achieve a smooth force control and low output
impedance. Instead, the torsion spring set stiffness should be set
close to the rendered stiffness of the assistive torque profile like
ky for which a positive 6, and «; are assured while avoiding
obtrusive lag of the support beam. On the other hand, the deflec-
tion constraint setting angle 6. should be set at an angle below
the maximum safe deflection of the applied torsion springs.
The angle is then set at a specific angle under consideration
to properly transition the CSEA system to operate in CSA status
when there is an expected demand of large and rapid increasing
assistance. There considerations are to overcome limitations of
SEAs on torque output range and bandwidth. For the support
beam, while a longer beam can generally lead to an increased
moment arm with a larger «; for a higher assistive torque output
efficiency as indicated, it increases the obtrusiveness behind the
wearer. Therefore, a balance between assistive torque output
efficiency and the compactness of the CSEA system is required.

Based on these considerations, the structural specifications
of the CSEA system equipped by the CSEA exoskeleton are
determined, as listed in Table II. According to the requirements
in Section II-A, the desired maximum assistive torque output
from each CSEA system is 50 N-m. Assuming that this peak
assistance demand occurs at a trunk flexion angle of 90° to 100°,
the assistive torque profile renders an overall stiffness around
0.52 N-m/°relative to the trunk flexion angle. Hence, the stiffness
of the torsion spring set is determined as 0.52 N-m/° to guarantee
a successful and low-profile operation of the CSEA system with
a proper positive 0. The deflection constraint setting angle can
be adjusted below the maximum safe deflection of the applied
torsion springs (54.55°). The supportbeam length L is setas 75%
of the wearer’s trunk length D, which can guarantee an average
force moment arm being 70.3% of D as calculated based on (5),
for an efficient assistive torque generation.
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®

Fig. 4. Demonstration of the CSEA system operation process during imple-
mentation of CSEA exoskeleton for one cycle of TFE assistance. (a) and (b)
CSEA system is inactivated during early trunk flexion phase. (c) and (d) CSEA
system operates in SEA status. (e) and (f) CSEA system operates in CSA status,
(g) and (h) CSEA system operates in SEA status. (i) and (j) CSEA system is
inactivated during late trunk extension phase.

With the specifications listed in Table II, the operation process
of the CSEA system is demonstrated in Fig. 4. As shown in
Fig. 4(a) and (b), in the early trunk flexion phase with a small
flexion angle, the cable is slack and the CSEA system is inactive.
This is to avoid restricting and impeding of unassisted motions
with slight trunk flexion motion, such as walking. When the
wearer starts to flex the trunk to a position where the intersection
angle 6, between support beam and the trunk reaches 6, the
CSEA system is activated to operate in SEA status, as shown
in Fig. 4(c) and (d). Under a high assistance demand of the
TFE motion with a large flexion angle, the CSEA system would
transition from operating in SEA status to CSA status to output a
large assistive torque exceeding the critical torque 7, as shown
Fig. 4(e) and (f). As the assistive torque falls below 7. along with
trunk extension, the CSEA system transitions back to operate in
SEA status, as depicted in Fig. 4(g) and (h). Finally, as the wearer
extends the trunk to erect posture with no assistance demand,
the CSEA system is inactivated again, as illustrated in Fig. 4(i)
and (j).

D. Actuation Unit Determination

First, the output pulley radius, 7, is set as 0.05 m to ensure
an efficient cable force output while providing sufficient cable
bending radius and avoiding extra cable windings. Based on
this, the required actuation unit specification to generate the
targeted 50 N-m at 2 rad/s of TFE motion is calculated. The
required actuation unit output torque and velocity to satisfy
the output requirements are then calculated for reference of
determining the motor and gearbox. Based on (5), the cable
force for a 50 N-m assistive torque output under different CSEA
system configurations can be calculated. The required actuation
unit torque output is computed by multiplying the required
cable force by the output pulley radius 7. Based on the law of
cosine, the kinematics relationship of the angular position of the
actuation unit output pulley 6,,, the intersection angle 8, and the
taut cable length [ is given by

Il =lyp —04-r =/L2+D2—2-L-D-cos(6)) (7)
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Fig. 5. Required maximum actuation unit torque output 7, ,. for 50 N-m

assistive torque output and maximum actuation unit velocity éaj to keep taut
cable under 2 rad/s of & with output pulley radius r of 0.05 m.

where [y is the length of a taut cable between the sup-
port beam tip and the human trunk when 6, equals 6.
Based on (6) and (7), the required velocity of the actuation
unit output pulley to keep a tensioned cable with 2 rad/s
of & under different CSEA system configurations can be
calculated.

For the output capability analysis, the intersection angle 6,
between the support beam and human trunk is assumed to vary
within 20°-90°. The support beam length L is set as 70%—90%
of trunk length D, which is set from 0.44 to 0.60 m to represent
the trunk length range of an average person. With r» = 0.05 m,
the required maximum actuation unit torque output 7}, ,. to
output a 50-N-m assistive torque, and the required maximum
actuation unit output pulley velocity 9a_r to keep a tensioned
cable with 2 rad/s of & for CSEA system are calculated and
plotted in Fig. 5. For the calculation of 9'¢U, the CSEA system
is expected to operate in CSA status with a zero 64 under
the large assistive torque output of 50 N-m. As depicted, the
required power of the actuation unit varies from 122.1 to 134.4 W
depending on the scaled support beam length L. Hence, with
a determined scaled L, the actuation unit with rated power
larger than the corresponding maximum power consumption
can satisfy the output requirements. In fact, the 9'@_7" and the
T,,_» will not occur simultaneously as they correspond to CSEA
system configuration with different 6, leading to a maximum
power demand looser than the analyzed results. Therefore, an
actuation unit selected based on this analysis can robustly guar-
antee an output capability of the CSEA system surpassing the
requirement.

Based on above analysis, the motor and gearbox are selected,
as listed in Table II. With a rated power of 200 W, the selected
motor and gearbox can power the actuation unit to output a
torque of 10.18 N-m at a speed of 17.86 rad/s. The applied
actuation unit thus sufficiently covers the requirements for the
CSEA system with scaled L being 75% of D indicated in Fig. 5.
As a result, considering a wearer with an average trunk length
D of 0.492 m for a Chinese adult [59], [60], the CSEA system
with specifications listed in Table II can output a maximum
assistive torque of over 75 N-m under a TFE motion speed of
2.42 rad/s, sufficiently fulfilling the requirements, as listed in
Table I.
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~.. CSA Status

Fig.6. Blockdiagram of the CSEA system model. The switch indicates that the
CSEA system operates with SEA status dynamics when Ty < T, and operates
with CSA status dynamics when Ty > T.

III. CSEA SYSTEM MODELING

Dynamic models are established for the two operation statuses
of the CSEA system. Fig. 6 shows the block diagram of the
established CSEA system model.

A. Modeling of SEA Status

In the SEA status, the motor—gear—pulley actuation unit dy-
namics and support beam dynamics are described by

Jy 0,4+ By 0g=T, —F. -1 8)

Jp 0s=Ts — k-0 ©)

where J, = (n% - Jy, + Jp), Ba = (n?- By, + By), 0, is the
angular position of the actuation unit output pulley, and 6, and
0, denote its angular velocity and acceleration, respectively. Ty,
denotes the input torque from the actuation unit. The positive
direction of T, and 6, are defined as the direction leading to
a pulling cable force. #, denotes the angular position of the
support beam and 0, denotes its angular acceleration. .J,,, and
B,,, denote the rotary inertia and damping factor of the motor.
Jp and B, denote the lumped rotary inertia and damping factor
of the gearbox and the pulley within the actuation unit. n is the
reduction ratio of the gearbox. .J, represents the rotary inertia of
the support beam. Considering that the support beam should be
lightweight with a small .Jp,, the inertia term in (9) is thus omitted.
Hence, the dynamic assistive torque transmission is assumed to
follow the identical relationship of the static condition expressed
as (1)—(4), for which the reasonability is verified via torque
tracking control tests in Section V.

The cable length [ varies with the intersection angle 6, as
expressed in (7). The variation of [ in relation to 6, presents a
high linearity. To illustrate the linearity, variation of [ with 6,
varying from 20° to 90° and its corresponding linear regression
are calculated for scale L from 40% to 90% of trunk length D,
which is assumed as 0.492 m. As shown in Fig. 7, the coefficient
of determination R? of the linear regressions is larger than 0.997,
indicating a highly linear relationship between [ and 6y,.
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Fig. 7. Variation of the cable length [ with intersection angle 6; between
support beam and human trunk and its corresponding linear regression. The
calculations are conducted with assumed trunk length D of 0.492 m.

Therefore, the relationship between [ and 6, can be approxi-
mated by a linear equation as

Il =ky -0+ b (10)

where k1 and by are two constants specifically dependent on the
support beam length L and the trunk length D.

Based on the definition (6) of 8;, kinematics relationship (7)
regarding cable length [ and its linear approximation (10), the
actuation unit dynamics (8) can be rewritten as

) a—Fpr.

() o (B2) =T, (A2 i (2
an

where & and ¢ are the angular velocity and acceleration of trunk
flexion motion, respectively.

By substituting the torque transmission relationship of SEA
status (1) and (4) into (11), the dynamic model of the CSEA
system in SEA status is given by

JTy+BTy+ K, Ty =T, +F(&,a). (12
where
Iy = e
o 13
8~ Sin(o1) D

F (q,a) = (BBa g 4 Mda . g)

The block diagram of the model is illustrated as the upper part
with satisfaction of condition (T,; < T.) in Fig. 6.

Remark 1: Based on the established model (12) of SEA status,
it can theoretically verify that the CSEA system in SEA status
has SEA features of torque feedback capability and intrinsic
compliance. Specifically, the transition between (11) and (12)
implies that the torque feedback capability (4) of SEA status
can turn the CSEA system from a torque-controlled system to
an equivalent position-controlled system. According to (12) and
(13), the output impedance of the CSEA system in SEA status,
which is defined as the transfer from trunk flexion angle « to
resultant interaction torque 7y with actuation unit shut off (7, =
0), can be derived as

i (jw)* + Lo - (juw)

= _ L. ) (14)

a (jw)® + Lo <Jw>+m

Equation (14) indicates that the output impedance would
approach the intrinsic stiffness k& of the serial torsion springs
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as the load-side motion frequency tends to infinity (w — 00),
presenting a same characteristic as common SEAs [42], [61].

B. Modeling of CSA Status

In CSA status, the actuation unit dynamics remains as (8).
Meanwhile, cable length [ varies with 6, following an identical
relationship to that in SEA status, as expressed in (7). Therefore,
the linear approximation (10) is also valid for the CSA status.
Unlike in SEA status, the support beam and torsion springs are
stationary with 6, = 6. and g, =60, = 0 due to the imposed
deflection constraint. Based on (6), (7), and (10), the actuation
unit dynamics (8) in CSA status can be rewritten as

ki-Ba.\ . ki-Jda\ .
Fcr:Ta-i-(l )~a+(1 )'Oé
r r

By substituting the torque transmission relationship of CSA
status (5) into (15), the dynamic model of the CSEA system in
CSA status is given by

Ks' Td:Ta +F(a7a)

5)

(16)

where K and F(&, &) follow definitions in (13) as for SEA
status. The block diagram of this model is illustrated as the lower
part with satisfaction of condition (T > T.) in Fig. 6.

Remark 2: The CSA status model (16) is equivalent to the
SEA status model (12) with & being infinite large, therefore
allowing the torque output range of the CSEA system to not
be limited by the spring deflection range in CSA status. Mean-
while, without the actuation unit inertia effect as indicated in
(12), the CSEA system in CSA status can generate assistive
torque with a rapid responsiveness, effectively overcoming the
torque output speed limitation of SEAs. The difference between
SEA status model (12) and CSA status model (16) implies
that controllers designed specifically for CSA or SEA cannot
explicitly guarantee a stable, continuous, and accurate control
effect for the CSEA system operating with status transition
between SEA status and CSA status.

IV. UNIFIED TORQUE CONTROLLER DESIGN

In this section, a unified torque controller is designed for
stable, continuous, and accurate torque control of the CSEA
system with multiple operation statuses. First, a status indicator
P is defined as a continuous differentiable function of the
delivered assistive torque 7, with a form referring to [53] to
indicate the CSEA system operation status

P =

7312 )] - (610 - 12] ]}2

1 {mln[ m1n
(n1)?-12)"

A7)

where 0 < A < 1isthe coefficient that determines the steep level
of the transition. T} is a coefficient to indicate the transition
torque where the transition would occur.

Variation of P with T} is illustrated in Fig. 8. P equals 1 when
Ty is between 0 and A - T; is regarded as SEA status since the
torsion springs do not reach the deflection constraint. When T}
exceeds the transition torque 7}, P equals 0 and it indicates CSA
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Fig. 8.  Variation of status indicator P with delivered assistive torque 7'g.
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Fig.9. Block diagram of the closed-loop CSEA system with proposed unified
torque controller.

status with torsion springs encountering the constraint. When
Ty varies between A - T; and T}, P smoothly varies between 1
and O to indicate the transition between SEA status and CSA
status, which is defined as transition status. It should be noted
that when T} is set smaller than the actual critical torque T, the
CSEA system indicated in transition status would operate with
SEA status dynamics with T; being smaller than T, as well as
Tt.

Based on (4), the feedback of the assistive torque output in
SEA status with P = 1 can be obtained from torsion spring de-
flection measurement. Although the assistive torque output can
also be calculated from cable force following (5), the assistive
torque feedback from torsion spring deflection measurement is
preferred to obtain a more accurate status indication via P as
the deflection constraint is set for the torsion spring deflection.
Moreover, since the torsion spring torque would not undergo
potential sudden change like cable force, acquiring the feedback
from torsion spring deflection measurement helps to keep a high
tolerance for impacts and shocks in SEA status. In CSA status
with P = 0, the assistive torque output is calculated based on
the cable force following (5). In order to guarantee effective and
continuous torque feedback when CSEA system operates with
status transitions, the assistive torque output 7} is acquired by
following a unified feedback law based on the status indicator
P as

Ta= P - Tpn+(1—P) Ty (18)

where 77y is the feedback of assistive torque output from torsion
spring deflection measurement following (4) and Tyo is the
feedback from cable force calculation following (5).

Based on the status indicator P, the unified torque controller
is further designed. Fig. 9 shows the block diagram of the closed-
loop CSEA system with the unified torque controller. The control
law of the unified torque controller is

Ta = TLP + TH + Tac (19)
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where T, p is the linearization compensation term to compensate
the nonlinear amplification coefficient K, of the CSEA system,
Tz is for human motion effect compensation, and 77, is a unified
feedback control term.

Specifically, T, p is designed as follows:
Tp=(Ks—K) - Ty (20)

where K is the nonlinear amplification coefficient expressed as
(13) and K is the set nominal amplification coefficient.

Based on the model of SEA status (12) and CSA status (16),
Ty is set to counteract the inertia effect from the human motion,

which is given by
k1 - B, ki-Jq ..
—(1 Q4 = a). 1)
r r

The unified feedback control term is designed as

Ty = —F (&,&) =

TaCZPK1E+(1—P)K2E +P<B‘;T7"

+JS~TT—J>+K~TT (22)
where T,. is the reference torque command, and E = [e é]T
denotes the torque tracking error state vector for which e =
(TT — Td) Ky = [kll k?lg} and Ky = [1{321 k‘gg] are the feed-
back control gain vectors designed for SEA status and CSA
status, respectively. d denotes a disturbance rejection term.
Based on P, the two feedback control gain vectors are united as
a unified term (22).

Based on (19) to (22), when the CSEA system operates in
SEA status with P = 1, the control law of the unified torque
controller is given by

T,=Tip + Ty + K\E+ BT, +J1, + KT, —d (23)

which shows that only the control gain K takes effect.

Linear quadratic regulator (LQR) technique is applied to
design the control gain K. Plugging the control law (23) into
the model of SEA status (12), the closed-loop error dynamics of
SEA status can be derived as

E:A8E+Be(K1EfJ+d) (24)
where
0 1 0
Ae = l:K B5:| , Be= |:1:| (25)
. T 7,

and d denotes the lumped disturbances from unexpected HEI
disturbances and unmodeled system uncertainties, such as fric-
tion and imperfect human motion effect compensation. The cost
index of the closed-loop system is chosen as

J = [ (BTQE + pu?) dt (26)

where @ is a 2 x 2 positive definite matrix and p is a positive
constant. The optimal feedback control gain K to stabilize
the closed-loop system and minimize the cost index J can be
obtained by solving the Riccati equation

AP, + P.A. —p 'P.B.B'P.+Q =0 (27)
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and calculated as

Ky = [k k2] = —pleZPe (28)

where P, is a 2 x 2 positive definite matrix solved from (27).
Meanwhile, a sliding mode (SM) term is adopted to enhance
the torque control robustness to reject disturbances as

d= r-sgn(ETP.B,) (29)

where £ is the amplitude coefficient and sgn(-) refers to the sign
function.

The stability of the closed-loop CSEA system in SEA status
is analyzed in the following theorem.

Theorem 1: Considering the CSEA system operates in SEA
status with dynamics (12) and bounded disturbance |d| < o, if
the unified torque controller (19)—(22) with P =1 is applied
with k > o, the state E of the closed-loop system (24) will
asymptotically converge to zero.

Proof: The proof is given in Appendix A.

When the CSEA system operates in CSA status with P = 0,
the control law of the unified torque controller (19)—(22) can be
rewritten as

T, =Trp +Ty + KoFE + KT,. (30)

Substituting (30) into the model of CSA status (16), the
closed-loop error dynamics of the CSEA system in CSA status
can be written as
Etkn), 1,

koo ka2

The stability of the closed-loop CSEA system in CSA status
is analyzed in the following theorem.

Theorem 2: Considering the CSEA system operates in CSA
status with dynamics (16) and bounded disturbance |d| < o, if
the unified torque controller (19)—(22) with P = 0 is applied
with positive ko1 and koo, the torque tracking error e of the
closed-loop system (31) is ultimately bounded.

Proof: The proof is given in Appendix B.

As the CSEA system in transition status operates with SEA
status dynamics, the closed-loop error dynamics of transition
status with 0 < P < 1 can be obtained by substituting the con-
trol law (19)—(22) into (12) as

E = (A.+ PB.K, + (1 - P)B.K>) E

€29

e = —

+(P-1)B. (Bsif,.JszTr) +B, (d—P.d).
(32)

The stability of the closed-loop CSEA system in transition
status is analyzed in the following theorem.

Theorem 3: Considering the CSEA system operates in transi-
tion status with dynamics (12) and bounded disturbance |d| < o,
the state I of the closed-loop system (32) is ultimately bounded
if the unified torque controller (19)—(22) with 0 < P < 1 is
applied with a matrix Q' satisfying

Q =K B'P. + P.B.Ky+2p 'P.B.B'P. 0. (33)
Proof: Consider Lyapunov function candidate

Vre = ET P.E. (34)
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Based on the closed-loop dynamics (32), the time derivative
of (34) can be derived as

Vie = ET [(Ae + B.K1) P, + P, (Ae + BeKl)} E
+ (1= P) E" [(Ko~ K1) BI P+ P.B. (K>~ K1 )|
+2ETP.B, [(P—l) (BSTT+JSTT) + (d—P : J)} .

(35)

Substituting (27), (28), and the definition of @’ in (33) into
(35), it follows that

Vie= —E"(Q+p 'P.B.BP.)E+ (1-P)E"QE
+2ETP.B, [(P—l) (BSTT—i-JSTT)—i- (d—P : d)} .
(36)

Note that @ = 0,p > 0,0 < P < 1,|d| < o,andk >0 >0
for d with definition of (29). If the inequality of (33) is satisfied,
then

VT@ < — Amin (Q + pilPeBeB,eTPe) ' HE||2
— (1= P) hin (-Q) - | E|I?

+ 2B |P.B.| - [(P=1)- |B.I, + I T,

+ lal|
—2P -k |ETP.B.|
< — Amin (Q+p_1PeBeBZP€> ’ HE‘H2

+ 2|l - |P.Bel| - (BT, + I T

+ a) 37)

where Amin(-) denotes the minimum eigenvalue of the cor-
responding matrix, and || - || denotes the Euclidean norm of

vectors. According to (37), V. < 0 as long as

2||P.B.|| - (‘BSTT +J.0] + g)
Amin (Q + PflPeBeBZfPe)

IE] > (38)

Therefore, it can be concluded that state £ is ultimately
bounded, completing the proof. |

Remark 3: Theorem 3 shows that even the CSEA system
practically operates with SEA status dynamics under control of
the unified torque controller with an inaccurate indication from
the status indicator P, an ultimately bounded error state £ can be
ensured. Therefore, for practical implementation, the transition
torque 7} for the updating law (17) of the status indicator P
is expected to be set slightly smaller than the critical torque
T. (k- 0.). As a result, the transition status is guaranteed with
the dynamics of SEA status to ensure that the unified torque
controller can stably achieve a continuous torque control of the
CSEA system when operating with status transition between
SEA status and CSA status.
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Experimental setup. (a) Test bench for setup duplication of the CSEA system equipped by the CSEA exoskeleton. (b) CSEA exoskeleton equipped with

two CSEA systems. (a) TFE motion in stoop posture and (d) TFE motion in squat posture.

V. EXPERIMENTS

A. Experimental Setup

To evaluate the performance of the CSEA system and the
unified torque controller, bench tests were carried out. More-
over, the closed-loop CSEA system was implemented on the
CSEA exoskeleton for human tests to validate its effectiveness
for back-support exoskeleton application. The experimental set
up of the test bench and the CSEA exoskeleton are shown in
Fig. 10.

The specifications of the CSEA system equipped by the CSEA
exoskeleton are listed in Table II. The initial angle 6, can be
adjusted through modifying the support beam tilted angle. A test
bench is constructed to duplicate the setup of one CSEA system
equipped by the CSEA exoskeleton, as shown in Fig. 10(a). A
straight pole is connected to a high-power step motor to simulate
the human trunk. The length of the simulated trunk is adjusted
to 0.52 m as the measured trunk length of one subject attending
the human tests.

The control of the CSEA systems mounted on the test bench
and the CSEA exoskeleton prototype shares the same hardware
arrangements. A potentiometer (WKA-D22-B, MIRAN, China)
and a load cell JLBM-1, JNSENSOR, China) are applied to
measure torsion spring deflection and cable force, respectively.
An inertial measurement unit (IMU) (MPU9250, InvenSense,
USA) is utilized to measure human trunk kinematic signals,
including the trunk flexion angle and angular velocity. The trunk
flexion angular acceleration is obtained by differentiating the
angular velocity and filtered with a low-pass filter (5 Hz cutoff).
A customized microcontroller unit-based (STM32F103CBT®6,
STMicroelectronics, Switzerland) board is used to implement
the unified torque controller to generate control input for actu-
ation unit control via a motor driver, as listed in Table II, and
to acquire sensor feedbacks at a frequency of 400 Hz, except
for IMU feedback at 200 Hz. Meanwhile, sensor feedback and
system states of interest are sent to a laptop for storage at
200 Hz. The frequency setup is unchanged for all the tests unless
otherwise stated. For all the tests, the steep level coefficient A
for updating law (17) of P is set as 0.7.

g ~—~ |==TFeedback from spring deflection mearuement 7j;

g ZE 60 ... Feedback from cable force calculation T

O & ,n —Feedback from the unified feedback law i
g A 40 = -Linear regression (y =1.047 - x - 0.6489)
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Fig. 11.  Assistive torque feedback validation result. (a) Variation of the torque
feedback from the unified feedback law with the feedback directly calculated
based on definition (1) of T,z and the linear regression conducted for the
relationship between the two feedbacks. (b) Status indicator P.

B. System Model Identification

System identification and closed-loop control of the CSEA
system require accurate feedback of the delivered assistive
torque to ensure that the controlled physical quantity is identical
to the targeted object. To validate the accuracy of the assistive
torque feedback, the feedback from the unified feedback law
(18) was compared with the feedback calculated via the essen-
tial definition (1). For calculation via (1), a potentiometer was
installed at the cable-simulated trunk connection point, as shown
in Fig. 10(a), to measure the intersection angle a;. The initial
angle 6y was set as 85°. The deflection constraint was set at 52.5°
to allow a wide kinematics variation. For updating of P, T}; was
set as 25 N-m, smaller than the critical torque 7, (27.3 N-m).
During the test, the simulated trunk was fixed and the motor was
rotated to slowly pull the cable. The result is plotted in Fig. 11.

Following the unified feedback law, the toque feedback equals
T4 in SEA status with P = 1 while equals T};5 in CSA status
with P = 0. As shown in Fig. 11(a), Ty; and To vary with a
close value in SEA status and transition status despite certain
hysteresis caused by the backlash and frictions. As a result, the
unified torque feedback consistently varies during the transition
status, as shown in Fig. 11(a), as well as the status indicator
P shown in Fig. 11(b). To evaluate the accuracy of the unified
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Fig. 12.  Measured system responses compared to the identified model re-
sponses. (a) Time domain response. (b) Frequency domain response.

torque feedback, a linear regression is calculated between it and
the torque feedback calculated from definition (1). The result
presents a linear curve with slope close to 1 and a small offset
of -0.6485, indicating accurate feedback for the actual delivered
assistive torque. As the feedback components Ty, and Ty, for
unified feedback law are defined based on the system kinematics
analysis, the result implies that the system geometry in Fig. 2
can precisely describe the actual CSEA system kinematics.

Based on the verified feedback, the CSEA system model was
identified on the test bench to validate the effectiveness of the
established model for actual dynamics description and to acquire
model parameters for torque controller design. A bias chest-
optimized multisine signal with constant power spectral density
between 0.1 and 5 Hz, peak value of 2 N-m, and mean value of
1 N-m was generated as the input torque 77, to the CSEA system
[62] shown as the bottom plot of Fig. 12(a).

During the identification process, the input torque 7, was up-
dated at 200 Hz and the torque feedback 7}; was synchronously
collected. The other experimental setups kept unchanged. The
SEA status model was identified using System Identification
Toolbox [63]in MATLAB (R2021a, The Mathworks, USA) with
the input torque signal and torque feedback, and it is given by

0.00837;4 0.08017,;+ 0.1395T,; = T, + 2.3867¢ + 0.24616.

(39)

The result shows that although the amplification coefficient
K is nonlinear as expressed in (13), it is identified as a constant
value of 0.1395. It is close to the theoretical mean value of the
nonlinearly varying K, which is calculated as 0.1369 based
on (5) and (13) with only 1.9% deviation. It again implies high
accuracy of the kinematic model of the CSEA system in Fig. 2.
As shown in Fig. 12, both overall time domain response and
frequency response of the identified model are close to the
measured results. To quantify the fitting effect of the identi-
fied model, a variance-account-for factor can be calculated as
85.53% following the definition in [61]. The results indicate that
although the established model cannot perfectly fit the actual
behavior, it is able to describe the major dynamics of the CSEA
system in SEA status.

Since CSA status shares same actuation unit and cable trans-
mission with SEA status, for CSA status model (16), K follows
same definition for SEA status as expressed in (13) and the other
coefficients keep identical to the value of SEA status in (39).
Hence, the CSA status model coefficients were determined as
the same value of SEA status.
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Fig. 13.  Assistive torque output range characterization result.

C. Bench Tests

To evaluate performance of the closed-loop CSEA system
with the unified torque controller and guarantee a safe and
effective CSEA system operation for human tests, bench tests
were first conducted for system characterization and torque
tracking control. A variance-account-for factor was adopted to
quantify the torque output fidelity which is defined as [61]

var (Yy —Y,)

var (Yy) (“40)

fidelity = (1 — ) -100%
where Y} is the vector of measured torque output feedback and
Y, is the vector of the sampled sinusoidal or pseudosinusoidal
torque command. A fidelity of 100% indicates a torque output
without distortion compared to the command.

The parameters of the unified torque controller were de-
termined based on the identified CSEA system models. The
identified amplification coefficient of 0.1395 was used as K
for the linearization term (20). The index coefficients ) and
p for (26) were set as diag{1, 0.04} and 1, respectively. As a
result, the control gain vector K; was calculated as [0.8702,
0.1665] based on the LQR approach. The control gain vector
K5 was finely designed as [1, 0.1913] to satisfy condition (33)
for a stable torque control. The deflection constraint was set
at 38°, resulting in a critical torque of 19.76 N-m. Accord-
ingly, T; for the updating of P was set as a smaller value of
18.2 N-m. The coefficient s of the disturbance rejection term
(29) was tuned as 1. The setup was kept unchanged throughout
the tests unless otherwise stated. An initialization process was
programmed to rotate the motor for a slightly taut cable to make
the initial 6, equal to 8y. With this initialization, the cable slack
was eliminated to avoid instability from zero torque command
tracking due to cable slack. Accordingly, the initial positions of
the support beam and simulated trunk were zero-reference point
of their angular position correspondingly.

1) CSEA System Characterization: To characterize the as-
sistive torque output range, the actuation unit output torque 7,
was commanded from O with step increment of 0.5 N-m until
the output exceeds 50 N-m to meet the requirement listed in
Table I. The initial angle 6y was set as 85° and the simulated
trunk was fixed. As shown in Fig. 13. The CSEA system outputs
an assistive torque of 50.63 N-m with a T;, of 6.5 N-m. The result
also shows that the cable force for the torque output is 130 N,
resulting in a force of 88.7 N parallel to the trunk with the oy
of 47°. Thus, both the overall force and parallel force are much
lower than the comfort limit of 310.5 N and the required 555.6 N
for the conventional cable-driven actuation systems.
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Fig. 14.  Bode plot of the closed-loop CSEA system in SEA status with the
unified torque controller.

As the torque bandwidth of SEA status is limited by the
intrinsic compliance compared with the CSA status, the torque
bandwidth of the closed-loop CSEA system was characterized
as that of the SEA status. A bias chest-optimized multisine
signal with constant power spectral density between 0.1 and
5 Hz, peak value of 20 N-m, and mean value of 15 N-m was
generated as input signal 7,.. The initial angle 6, was set as 85°
and the simulated trunk was fixed. The deflection constraint was
set at 52.5° to ensure the CSEA system operate in SEA status.
Accordingly, T} for updating law (17) of P was set as 25 N-m.
During the test, 7. was updated at the frequency of 200 Hz
and the torque feedback of 7T; was synchronously collected.
The transfer function of the closed-loop CSEA system was
estimated using Welch method, and the validity is guaranteed
with coherences larger than 0.9. The Bode plot of the estimation
result is shown in Fig. 14. It presents a torque bandwidth of
3.65 Hz where magnitude attenuation reaches to 3 dB. Due to
the intrinsic compliance in SEA status, the bandwidth is not
broad but exceeds the desired 0.5 Hz to satisfy the requirement
as listed in Table L.

The output impedance of the closed-loop CSEA system,
which is defined as the transfers from load-side motion states,
i.e., TFE motion states, to resultant interaction torque, was char-
acterized. Applying cable transmission, the backdrive torque of
the CSEA system is zero in the trunk extension direction, which
leads to a loose cable. The interaction torque on the human trunk
would also be zero when the wearer moves the body with the
0, between support beam and human trunk smaller than the
initial angle 6y with a slack cable. Here, the torque command
T, was specified as 1 N-m to keep the cable slightly taut to
enable effective measurement of the interaction torque under
load-side motions. The initial angle 6 was set as 30°. During the
test, the simulated trunk was excited by hand for a pseudosine
movement with amplitude of around 5° and frequency about
0.5 Hz. As shown in Fig. 15, the interaction torque varies around
the command of 1 N-m with an amplitude of below 0.2 N-m.
It indicates that besides a zero output impedance with a slack
cable, the closed-loop CSEA system with taut cable also exhibits
low output impedance for minor resistance on unresisted human
motion.

2) Torque Tracking Control of SEA Status: The torque track-
ing performance was first evaluated for SEA status. To replicate
back-support exoskeleton application scenario, the simulated
trunk was controlled to simulate TFE motion. As the TFE motion
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Interaction torque from the closed-loop CSEA system under a pseu-

dosine movement of the simulated trunk excited by hand. The torque command
is set as 1 N-m instead of O to keep the cable slightly taut.
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Fig.16.  Torque tracking performance of the closed-loop CSEA system in SEA

status with moving simulated trunk for simulated TFE motion at two frequencies.
(a) 0.25 Hz. (b) 0.5 Hz.

exhibits an approximate sinusoidal profile [64], the simulated
TFE motion was specified as

o=4 +é-sin(2nfd-t—f) (41)

2 2 2
where A determines the maximum flexion angle and f; refers
to the simulated TFE motion frequency. fy is set as 0.25 and
0.5 Hz to simulate normal and fast TFE motion, respectively.
A is set as 60°. The initial angle 6, was set as 30°. The
simulated trunk was controlled to rotate for three cycles of the
simulated TFE motion during the test. The torque command was
generated following an impedance strategy as:

T, =kp - (a0 — ) (42)

where « is flexion angle of the simulated trunk measured by an
IMU. k), was set as 0.2 N-m/° and «p was set as 0.

The tracking results are shown in Fig. 16. The root-mean-
square (rms) tracking errors under simulated TFE motion at the
two frequencies are smaller than 5% of the torque output range
with a torque fidelity over 98%, as listed in Table III.

3) Torque Tracking Control With Status Transitions: The
torque tracking performance of the closed-loop CSEA system
when operating with status transitions was also evaluated. The
simulated trunk motion and assistive torque command gener-
ation followed identical law as in the tests for SEA status.
Considering the critical torque of the CSEA systemis 19.76 N-m,
k, was set as 0.5 N-m/° so that the operation status would
transition between SEA status and CSA status with a peak torque
command of 30 N-m.

The experimental results are shown in Fig. 17. It can be seen
from the first-row plots that when the torsion springs can be
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TABLE III
RMS TRACKING ERROR (UNIT: N-M) AND TORQUE FIDELITY (WITH GRAY
BASE COLOR) OF TORQUE TRACKING CONTROL TESTS WITHIN BENCH TESTS
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TABLE IV
RMS TRACKING ERROR (UNIT: N-M) AND TORQUE FIDELITY (WITH GRAY
BASE COLOR) OF TORQUE TRACKING CONTROL TESTS WITHIN HUMAN TESTS

CSEA System Frequency of the simulated TFE CSEA System The CSEA system on the exoskeleton
Operation Status 0.25 Hz 0.5 Hz Operation Status Left Right Overall

SEA Status 0.2790 05832 SEA Status 0.5015 0.5415 1.0213
29.65% 98.36% 99.33% 99.30% 99.26%

Transition between SEA 0.9053 14722 Transition between SEA  0.8275 0.9956 1.7052
status and CSA status 99.13% 98.02% status and CSA status 99.23% 99.28% 99.31%

4-

— 8 —_

s E 4 ]
SR o T o WO o W

— 4L ] c

S 0 2 4 6 8 10 12 14 16 - 0 2 4 6 8 10
260 ) 260 )
S = S =
2 340 = 3 4
HIVAVAVANRR I BVAVAVAN
e 0 o

5 0 2 4 6 8 10 12 14 16 g5 00 2 4 6 8 10

Time (s) Time (s)
(@ (b)

Fig. 17.  Torque tracking performance of the closed-loop CSEA system op-
erating with status transition between SEA status and CSA status with moving
simulated trunk for simulated TFE motion at two frequencies. (a) 0.25 Hz.
(b) 0.5 Hz. The blue circles and the red squares refer to the transition moments
between SEA status and transition status and between CSA status and transition
status, respectively.

freely deflected, the torque feedback 7y from torsion spring
deflection measurement varies close to the feedback 75 from
cable force calculation. Smooth and consistent assistive torque
feedback and status indicator variation are thus guaranteed as
shown in the first-row and second-row plots of Fig. 17. This is
consistent with the torque feedback validation result in Fig. 11,
indicating the precise kinematics analysis in Fig. 2. It also
verified that the inertia omission in (9) for model establishment
of SEA status has a negligible effect on the accuracy of the
dynamic assistive torque feedback.

The tracking results in the first-row plots demonstrate that
the CSEA system effectively outputs an assistive torque over
30 N-m, which exceeds the maximum torque output 28.37 N-m
of SEA status limited by torsion springs with a maximum safe
deflection of 54.55°. The control input 7, from the unified
torque controller is illustrated in the third-row plots, presenting
a continuous variation despite the discontinuous CSEA system
dynamics during status transitions. With the continuous control
input, a smooth torque output is attained in SEA and transition
status, but the output shows certain small oscillations in CSA
status. Despite this, an overall consistent and accurate tracking
effect is achieved as shown in the first-row plots. As listed in
Table III, the rms tracking error is lower than 5% of the torque
output range while a torque fidelity over 98% is achieved for the
tracking under simulated TFE at the two frequencies. The results
demonstrated that the CSEA system operating with multiple
statuses can overcome the output limitation of SEA status for a
large assistive torque output capability. Meanwhile, the results

indicate that with the unified torque controller, the CSEA system
can stably transition between SEA status and CSA status to
generate desired assistive torque consistently and accurately.

D. Human Tests

Human tests were carried out based on the CSEA exoskeleton,
as shown in Fig. 10(b), to validate the effectiveness of the
closed-loop CSEA system for practical back-support exoskele-
ton actuation. Five male subjects [mean £ standard deviation
(SD): age, 27.6 £ 3.1 years; mass, 71.4 £ 5.3 kg; height, 174.4
+ 8.6 cm] with no low back injury in past six months were
recruited for the test. In the human tests, the same initialization
process for bench tests was programmed to rotate the motor for
a slightly taut cable to make the initial equal 6, to 6.

1) Torque Tracking Control Tests: During the tracking con-
trol tests, one subject wore the CSEA exoskeleton to perform
TFE motion in a stoop posture with a 5-kg load in hand for three
cycles at preferred speed. The performance index coefficient )
and p were finely tuned as diag{1, 0.015} and 1, respectively,
through pilot experiments. The feedback control gain vector /1
was calculated as [0.8702, 0.1091] based on the LQR approach.
The feedback control gain vector K> was designed as [1, 0.1254]
to satisfy condition (33). The coefficient s of the disturbance
rejection term (29) was set as 1. The hardware setup was identical
for the two CSEA systems and controller parameters were kept
unchanged throughout the tracking control tests.

a) Torque tracking control of SEA status: First, the torque
tracking performance of the closed-loop CSEA systems in SEA
status was evaluated. The command for each CSEA system was
generated based on strategy (42) with &, and ag set as 0.2 and
0, respectively. To ensure the CSEA system operate in SEA
status, the deflection constraint was set at an angle of 50° with
T, accordingly set as 25.5 N-m for updating of P. The initial
angle 0y was set as 10°.

The experimental results are shown in Fig. 18. Both the left
and right CSEA systems present an accurate tracking, showing
an rms tracking error of 1.0213 N-m for the overall assistive
toque tracking, as listed in Table IV, which is only 3.02% of
the peak toque command of 33.84 N-m. Meanwhile, a torque
fidelity over 99% is achieved for the torque output of two CSEA
systems, as well as the overall torque output.

b) Torque tracking control with status transitions: In this
experiment, the deflection constraint was set at 37° for a critical
torque value of 19.24 N-m and 7} was set as 17.68 N-m for
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Assistive torque tracking performance of the closed-loop CSEA systems in SEA status during back-support exoskeleton implementation. (a) Left CSEA

system. (b) Right CSEA system. (c) Overall tracking performance for back-support exoskeleton operation.
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updating of P. The initial angle 6, was adjusted to 15°. To lead
to status transition, the command for each CSEA system was
generated following (42) with k,, and « specified as 0.4 and 0,
respectively.

The experimental results are presented in Fig. 19. Similar to
the results in Fig. 17, with a close Ty; and T;5 in SEA status
and transition status, smooth and consistent torque feedback
and status indicator P are guaranteed during the tracking, as
shown in first-row and second-row plots of Fig. 19(a) and
(b). It indicates that the system geometry shown in Fig. 2 can
accurately describe the kinematics of the CSEA system during
back-support exoskeleton implementation. Fig. 19(a) and (b)
shows that a maximum torque over 30 N-m is generated from
each CSEA system in CSA status, resulting in a peak exoskeleton
assistance output over 60 N-m. Considering that the maximum
torque output of SEA status is 28.37 N-m, the CSEA system
successfully overcomes the torque output limitation of SEA
status. The cable force is shown in the fourth-row plots of
Fig. 19(a) and (b), which is below 80 N for the torque output over
30 N-m, verifying the efficient assistive torque output capability
of the CSEA system.

Although there are operation status transitions during the
tracking, a continuous control input 7, is generated from the
unified torque controller, as shown in the third-row plots of

Fig. 19(a) and (b). With this control input, a consistent and
accurate torque tracking is achieved despite the discontinuous
CSEA system dynamics during status transitions as verified in
the first-row plots of Fig. 19(a) and (b). Moreover, it can be
observed that with inherent compliance from human tissues and
a smooth TFE motion, as shown in Fig. 19(c), the torque output
in CSA status is as smooth as that in SEA status and transition
status, eliminating the oscillations appearing in the bench test
shown in Fig. 17. As listed in Table IV, both left and right
CSEA systems achieved an accurate tracking, leading to an rms
tracking error of 1.7052 N-m for the overall toque tracking,
which is 2.82% of the peak toque command of 60.52 N-m.
Meanwhile, the tracking results present a fidelity over 99% for
the torque output of each CSEA system, as well as for the overall
torque output. The results validate the efficacy of the closed-loop
CSEA system for back-support exoskeleton actuation to stably,
consistently, and accurately generate desired torque for TFE
motion assistance.

2) Trunk RoM Test: This RoM test was carried out to evaluate
the effect of the CSEA exoskeleton on the wearer’s trunk RoM.
The five subjects were instructed to bend the trunk in three
directions for flexion, lateral bending, and axial rotation. The
motions were required to be performed for three repetitions
with or without wearing the CSEA exoskeleton, respectively.
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TABLE V
TRUNK RANGE OF MOTION
e
: Lateral Axial
Flexion Bending Rotation
Without Exoskeleton 124.0° £2.5° 53.1°+7.3° 85.5°+2.5°
With Exoskeleton 119.1°£5.1° 50.6°+7.1° 85.2°+2.7°

When wearing the exoskeleton, the two CSEA systems were
controlled to maintain a tensioned cable with a certain force.
The trunk kinematics were recorded by a motion capture system
(VICON, Oxford Metrics, U.K.) at 100 Hz and the peak trunk
bending angles in three directions were extracted using custom
MATLAB routines. The resulting trunk RoMs are listed in
Table V, demonstrating a reduction of 4.0%, 4.7%, and 0.6%
in the three directions while wearing the CSEA exoskeleton
compared with no exoskeleton condition.

3) Preliminary Electromyography (EMG) Test: To evaluate
efficacy of the CSEA exoskeleton assistance, the activation
of relevant muscles during TFE motion was investigated. The
five subjects attended the EMG test in the following day after
completing the RoM test. In the EMG test, each subject was
asked to perform ten cycles of TFE motion with two different
postures [stoop and squat posture as shown in Fig. 10(c) and
(d)] and exoskeleton conditions (with and without wearing the
CSEA exoskeleton). During each TFE motion cycle, the subject
was required to grasp a 15-kg load from a waist height table,
flex the trunk to lower the load to a knee height chair, then grasp
the load again and extend the trunk to lift it back to the table. In
the test, although the TFE speed was not explicitly controlled,
each TFE motion cycle was instructed to be completed within a
6-s countdown. To reduce intervention of muscle fatigue, a 10-s
countdown was displayed on a screen to instruct a rest interval
between two consecutive TFE motion cycles. The assistive
torque command for each exoskeleton equipped CSEA system
was generated following (42) with k,, and « setting as 0.2 and
0, respectively. « in (42) was fed with trunk flexion angle and
hip joint flexion angle to generate the assistance command for
stoop posture and squat posture, respectively. The CSEA system
specifications and controller parameters were set identical to the
tracking control tests.

During the test, the human kinematics were recorded by the
motion capture system for offline segmentation of TFE motion
cycle. The EMG signals of five bilateral groups of muscle, which
are erector spinae longissimus (ESL), erector spinae iliocostalis
(ESI), biceps femoris (BF), rectus femoris (RF) and rectus ab-
dominis (RA), were recorded via wireless EMG sensors (Trigno
system, Delsys, USA) at 2000 Hz. The collected EMG signals
were demeaned, band-pass filtered (20 to 300 Hz), rectified, and
low-pass filtered (3 Hz cutoff). RMS of the EMG signal of each
muscle group was calculated and normalized by the maximum
processed EMG signal to quantify the muscle activation inten-
sity. The normalized EMG were averaged between the left-hand
and right-hand sides, reported as the mean =+ standard error of
the mean over the results of each subject for the TFE motion
cycle under different posture and exoskeleton conditions. As
shown in Fig. 20, the results indicate reduction of the back and
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Fig.20. RMS EMG of relevant muscle groups during TFE motion in (a) stoop

posture and (b) squat posture.

hip muscle activation intensity while wearing the exoskeleton
compared with no exoskeleton condition (for ESL, ESI, BF,
and RF, respectively: 27.2%, 27.0%, 14.9%, and 12.8% in stoop
posture; 22.7%,17.5%,21.5%, and 32.3% in squat posture). The
abdominal muscle RA exhibits small activation variations, for
a 1.2% increase in stoop posture and a 5.5% decrease in squat
posture.

VI. DISCUSSION
A. Advantages of the CSEA System

The unique design of the CSEA system enables it to achieve
sufficient capability to meet our targets for the back-support ex-
oskeleton actuation system, as concluded in Table I. Section II-D
showed the CSEA system can generate a 75 N-m assistive torque
under a TFE velocity of 2.42 rad/s. The system characterization
tests showed the capability of the CSEA system to efficiently
generate an assistive torque above the required 50 N-m with
a cable force below half of the comfort limit. The tests also
demonstrated a closed-loop CSEA system performance with a
torque bandwidth above 7 times of the desired 0.5 Hz and a
small output impedance for 0.2 N-m resistive torque with a taut
cable. Moreover, the human tests demonstrated that, equipped
with CSEA system, the CSEA exoskeleton can effectively assist
with different TFE motions and allow 3-D trunk movements with
the reduction on the trunk RoM below 5.0%, which is less than
those reported in similar studies [29], [65], [66].

Comparisons of the CSEA system with rigid actuation
systems and conventional cable-driven actuation systems are
presented in Fig. 21. To provide a general quantitative
characterization for capability of the actuation system to allow
an unrestricted trunk motion, an indicator called actuation flex-
ibility is defined as the number of DoFs of the trunk that the
exoskeleton powered by the actuation system can accommodate
and assist. Existing back-support exoskeletons powered by rigid
actuation systems are typically equipped with two actuators to
only accommodate and assist with trunk motion in sagittal plane.
Applied with four motors, the exoskeleton with rigid actuation
systems in [13] extended the ability to provide assistance in
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Fig.21. Comparison of the CSEA system with other back-support exoskeleton
actuation systems. (a) Spider diagram for actuation characteristics comparison of
the CSEA system with the rigid actuation system and conventional cable-driven
actuation system. (b) Assistance output density of the CSEA exoskeleton and
existing back-support exoskeletons by other actuation systems. The normalized
claimed maximum assistive torque outputs are illustrated with no base color. The
normalized verified assistive torque outputs refer to the torque output reported
with experimental data and are covered with blue base color. 1-ExoBack (8.4 kg)
[6], [67]; 2-Cray X (11 kg) [7], [67]; 3-XoTrunk (8 kg) [8], [68]; 4-APO
(8 kg) [9], [58]; 5-H-WEXv2 (5.5 kg) [11]; 6-A lifting assist device (4.4 kg
excluding batteries) [12]; 7-A lower-back robotic exoskeleton (11.2 kg) [13];
8-continumm soft exoskeleton [26]; 9-A soft power suit (2.4 kg) [27]; 10-A back
exosuit (2.7 kg) [28]; 11-SHAE (6.2 kg) [29]; 12-ABX (6.4 kg) [30]; 13-CSEA
exoskeleton with only SEA status (6.5 kg); 14-CSEA exoskeleton with multiple
operation statuses (6.5 kg).

frontal plane besides in sagittal plane. Accordingly, the actuation
flexibility of the rigid actuation system is scored as 2. In [28], a
back-support exoskeleton powered by conventional cable-driven
actuation systems presented the ability to generate 3-DoF torque
for asymmetric lifting assistance. Here, the CSEA system can
deliver assistive force on both side of the wearer’s shoulder
under 3-D trunk motion as verified in the RoM test, implying
the capability of generating assistive torque over three axes
of the lumbosacral joint. Hence, the conventional cable-driven
actuation system and the CSEA system present a superior actu-
ation flexibility with a score of 3 compared with rigid actuation
systems as depicted in Fig. 21(a).

An indicator named assistive torque output efficiency is cal-
culated by normalizing the assistive force moment arm within
the actuation system to a trunk length of 0.492 m. A higher
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value of the indicator signifies higher assistive torque output
efficiency with lower demand of cable force. Accordingly, as
analyzed in Section II-C, the CSEA system can obtain a 3.8
times higher efficiency (70.3%) compared to that of conventional
cable-driven actuation systems (18.3%) with a moment arm
around 0.09 m [26], [27], [28], [29], [30], which is slightly
smaller than the rigid actuation system (85.4%) with a moment
arm around 0.42 m [11], [12], [15], as depicted in Fig. 21(a).
The results in Fig. 13 verified the high efficiency of the CSEA
system to output a 50 N-m assistive torque with a cable force
of 130 N below the comfort limit of 310.5 N. In comparison, a
cable force of 555.6 N, which exceeds the limit, is required by
the conventional ones. This enables the CSEA system to provide
sufficient TFE assistance without rising risk of structure fracture
or threatening the safety and comfort of HEI by reducing the
force transmitted within the actuation system and exerting on
human trunk.

With the high assistive torque output efficiency and a bias ca-
ble force output, as shown in Fig. 2, the CSEA system can greatly
reduce the force applied parallel to the trunk compared with the
conventional cable-driven actuation system, when subjected to
an identical assistive torque output. Hence, from biomechanical
perspective, the CSEA system is expected to achieve a higher
lumbar compression alleviation with less lumbar compression
resulted from the parallel force [15], [31]. Anindicator, named as
assistance effectiveness, is defined to indicate expected lumbar
compression alleviation effect. It is calculated by normalizing
the difference between the estimated spinae muscle forces for
unit biological TFE moment and the parallel force under unit
assistive torque output to the spinae muscle forces. With a trunk
length of 0.492 m, for CSEA system with specifications in
Table I, the averaged parallel force F, under unit assistive torque
output shown in Fig. 2 is computed based on (5) as 2.07 N. For the
conventional cable-driven actuation system with moment arm
of 0.09 m, the parallel force equals to the overall required cable
force of 11.1 N. The moment arm of spinae muscle force for
biological TFE moment generation is assumed as 0.05 m [69] so
that a 20-N spinae muscle force is needed for unit TFE moment
output. It can then be calculated that the assistance effectiveness
of the CSEA system (0.897) is slightly lower than the rigid
actuation systems (1.0) with no parallel force component, but
largely exceeds the conventional cable-driven actuation systems
(0.444), as depicted in Fig. 21(a). It indicates that besides a safe
and comfortable HEI, under identical assistive torque output,
the CSEA system is expected to achieve a higher lumbar com-
pression reduction compared with the conventional cable-driven
actuation system from the biomechanical perspective.

Fig. 21(b) shows the comparison of the assistance output
density, which is calculated as the maximum assistive torque
output above the exoskeleton weight, between the CSEA ex-
oskeleton powered by two CSEA systems and back-support
exoskeletons powered by other types of actuation systems. With
the superior actuation characteristics illustrated in Fig. 21(a),
the CSEA system enables a verified assistance output density of
15.38 N-m/kg for the CSEA exoskeleton weighted 6.5 kg. As
shown in Fig. 21(b), it is higher than that of other cable-driven
exoskeletons, which often limit practical assistive torque output
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to a lower value than claimed output to avoid user discomfort
from overlarge cable force as in [30], or designed with a low
targeted maximum assistance output as in [28], or lack report-
ing of assistance output as in [27]. Moreover, as analyzed in
Section II-D, the CSEA exoskeleton can operate with multiple
statuses to overcome the torque output limitation of SEA status
for a maximum assistive torque output of 150 N-m. It thus
presents an assistance output density of 23.08 N-m/kg, which
is higher than the CSEA exoskeleton with only SEA status and
the SEA-actuated exoskeletons that reported output limitations
from SEA [11], [12], [29], as indicated in Fig. 21(b). It can
also be seen that with multiple operation statuses, the CSEA
exoskeleton achieves an assistance output density exceeding
other compared back-support exoskeletons. With the high as-
sistance output density, the CSEA exoskeleton also serves as a
versatile experimental platform with a light weight and ample
output capability to allow for exploration of a board spectrum
of assistance profiles.

B. Performance of the Unified Torque Controller

The unified torque controller is proposed as a generic solution
to guarantee a stable, continuous, and accurate torque control
for the actuation system like the CSEA system whose operation
status can transition between SEA status and CSA status. The
torque tracking control results in Figs. 16—19 verified the desired
tracking performance, regardless of whether the CSEA system
operating in sole SEA status or with status transitions, with a
torque fidelity above 99% and rms tracking error below 4% of
the torque output range on average. Theoretically, the sufficient
conditions to guarantee the stability of the closed-loop CSEA
system are derived. The stability analysis suggests that as long
as the control gain was set satisfying the sufficient condition,
the compensation and disturbance rejection term can be ex-
tended with other techniques without affecting the stability. It
implies the efficacy of the proposed controller to be adapted
and extended as a generic frame to stably and robustly ensure
a continuous and accuracy control for the class of the actuation
system like the CSEA system in different scenarios.

Although an accurate torque tracking with small rms error is
achieved, the torque tracking test results showed that there exist
relatively large peak tracking errors around the onsets of TFE
motion. It can be partially explained by the imperfect human mo-
tion effect compensation. As implied in the system identification
results in Fig. 12, there are certain difference between identified
inertia parameters used for the motion effect compensation term
(21) and their actual values. Hence, the compensation term
cannot precisely counteract the human motion effect especially
at the motion onsets with a high acceleration. Another potential
reason is the presence of friction effects. The cable transmission
needs to overcome static friction for an initial speed to deliver the
desired force at the motion onsets. Moreover, the reversing cable
velocity direction during the CSEA system operation can affect
the tracking with a changing friction direction. These effects
from frictions and imperfect compensation raise the require-
ment for the controller to improve uncertainty and disturbance
rejection ability to further enhance the tracking accuracy.
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Also, when an overall consistent tracking was achieved, the
torque output in the CSA status showed certain oscillations in
bench tests, as shown in first-row plots of Fig. 17. This may be
mainly attributed to the shaking of the simulated TFE motion. As
shown in fourth-row plots in Fig. 17, the simulated trunk in the
test bench, which is driven by a step motor, vibrates especially
in the vicinity of the peak flexion angle in the CSA status
where a high force is applied, inducing intensive disturbances.
The oscillations may be further explained by considering the
CSEA system in CSA status, where a stiff interface between
actuation unit output and load side reduces the system tolerance
for the impact disturbances compared with SEA status with a
compliant interface. With a smooth TFE motion and intrinsic
compliance from the interaction harness and human tissue, there
was no oscillation observed in CSA status during the tracking
in human tests, as shown in Fig. 19. Although a good tracking
performance is achieved for practical exoskeleton actuation, the
bench test results indicate that the realization of a compliant
torque control for the CSEA system is important for future
controller improvement to robustly guarantee smooth tracking
under various conditions.

C. Assistance Effect of the CSEA Exoskeleton

The CSEA exoskeleton is developed to leverage advantages
of the CSEA system to assist with TFE motion ergonomically
and effectively for the reduction of relevant muscle activity and
lumbar compression. The EMG test showed that with the CSEA
exoskeleton assistance, the activation intensity of the erector
spinae muscle was reduced by 27.1% and 20.1% on average for
the TFE motion in stoop posture and squat posture, respectively.
The results verified the effectiveness of the CSEA exoskeleton
in reducing back muscle activity with a reduction comparable
to the average level of other active back-support exoskeletons
[70]. Meanwhile, compared to many cable-driven back-support
exoskeletons only reporting assistance effect for stoop posture
[26], [27], [29], [30], the results demonstrated the versatility of
the CSEA exoskeleton to effectively assist with different lifting
postures.

In addition to the back muscles, the activation intensity reduc-
tion can also be observed for the hip muscles, including the hip
flexor RF and hip extensor BF. The EMG test results showed that
reduction extents of the hip muscles’ activation intensity during
TFE motion in squat posture were greater than that in stoop
posture. It may be attributed to the higher activation level of the
hip muscles than in the stoop posture as the TFE motion in squat
posture is primarily governed by the hip joint, whereas flexion
of lumbosacral joint is more prominent than hip joint in stoop
posture [71]. Regardless, the results demonstrated the efficacy
of the CSEA exoskeleton in assisting not only lumbosacral joint
motion but also the hip joint motion during TFE for reduced
muscle activity.

Moreover, in contrast to some similar studies reporting a
large or consistent increase in abdominal muscle activity [12],
[30], [72], the EMG test presented small variations of the tested
abdominal muscle activity. It implies that the assistance can keep
synergistic with the wearers’ biological response to reduce the
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muscle activity of relevant back and hip muscles without raising
antagonistic reactions of the abdominal muscles. This strongly
suggests that powered by the CSEA system, the CSEA exoskele-
ton can effectively assist with TFE motion while maintaining an
ergonomic HEI.

D. Limitations

Although the CSEA system successfully powered the CSEA
exoskeleton for effective TFE motion assistance, there are still
some limitations remain to be overcome to further improve its
usability. A primary limitation is the obtrusiveness from the
lagging support beam. When the structural specifications of the
CSEA system are determined to guarantee a successful system
operation with a positive intersection angle between the support
beam and human trunk, this angle can lead to a lagging support
beam behind the wearer’s trunk. As a result, it can result in
obtrusiveness and increase the risk of unexpected interaction of
between the beam and external environment, posing a potential
threat to the HEI safety. In the future, the CSEA system could
be enhanced with a motorized stiffness modulation mechanism
to automatically adjust the torsion spring set stiffness so that the
support beam can well adapt to different assistance profiles with
minimized angle relative to the trunk to reduce obtrusiveness.
Moreover, an elastic cover can be added to envelop the torsion
spring—support beam mechanism to eliminate the safety risk
brought by the exposed beam and cable, and to facilitate a more
compact CSEA system design. Another limitation is that when
it is mentioned various advantages are enabled by the unique
design of the CSEA system, some features require more detailed
characterization. Specifically, when the capability of the CSEA
system to deliver assistive force under 3-D trunk posture has
been demonstrated in the RoM test, the CSEA system kinetics
with trunk posture outside the sagittal plane could be modeled
to specify the output range of the assistance at each DoF of the
trunk. In addition, the inference of better lumbar compression
alleviation with lower force parallel to trunk compared with
conventional cabled-driven actuation systems in Section VI-A
was drawn based on intuitive biomechanical considerations. The
parallel force effect on the spinal joint load should be further
investigated using advanced techniques, such as musculoskeletal
modeling or inverse human dynamics modeling.

The performance of the unified torque controller can also be
further enhanced by overcoming certain limitations to improve
the tracking accuracy and smoothness. When the controller
considered compensation of human motion effect, a feedforward
model-based friction compensation could be added into the con-
trol law to explicitly compensate the friction effects. Although
the controller adopts an SM term to reject disturbances, it only
takes effectin SEA status. Moreover, its practical effect is limited
by the lack of capability to precisely estimate the disturbance
and the compromised responsiveness due to replacement of sign
function sgn(-) by saturation function sat(-) during practical
implementation for chattering avoidance. To improve the ro-
bustness against disturbances, the controller is expected to attain
the ability to actively estimate and continuously compensate
disturbances in both SEA status and CSA status as well as the
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transition status by adopting advanced control methods, such as
adaptive control and disturbance observer-based control. On the
other hand, the torque output oscillations occurred during the
tracking in CSA status imply that the unified torque controller
lacks consideration for a compliant torque control to guarantee
a smooth tracking under different disturbances. To do so, in the
future, the proposed unified controller frame can be extended
with compliant control law, such as the proxy-based torque
control [49], to not only keep a robust and accurate tracking
under normal operation, but also guarantee a compliant control
under unexpected disturbances.

When the EMG test results provided evidence supporting the
effectiveness of CSEA exoskeleton assistance on reduction of
related muscle activity and lumbar compression during TFE
motion, there are still some limitations for the test setup. First,
thought two different lifting postures were tested, the singular
setup of the load weight and trunk flexion range limits the
generalization of the results to other scenarios. Second, the
small number of the subjects limits the efficacy of the statistical
analysis, thereby preventing us from concluding significance of
the results. Third, diversity of the subjects is limited. When the
target users are workers who regularly engage in MMH work,
current recruited subjects consisted solely of research students
and research staffs, who may have divergent biological responses
to the exoskeleton assistance compared with the workers. In the
future, to fully study the exoskeleton assistance effect, tests with
more comprehensive setup should be conducted. The tests would
involve evaluating biomechanical and physiological response
during TFE motion with various load weights, encompassing
different practical MMH work conditions. Furthermore, to better
ensure the validity of the results, a sufficient number of actual
workers would be recruited for the future test.

VII. CONCLUSION

This article introduced a novel CSEA system and its torque
controller to realize a flexible and portable back-support ex-
oskeleton design with capability to ergonomically, efficiently,
and accurately generate desired sufficient assistance.

The effectiveness of the CSEA system and the proposed
unified torque controller is experimentally validated. System
characterization results in bench test validated the low mechani-
cal impedance, sufficient torque bandwidth, as well as sufficient
and efficient torque output capability of the closed-loop CSEA
system to satisfy our targets for back-support exoskeleton actu-
ation system design. The torque tracking control tests in both
bench test and human test validated that the closed-loop CSEA
system is able to stably, consistently, and accurately generate
desired assistive torque despite the discontinuous system dy-
namics during operation status transition. Meanwhile, the hu-
man test verified the effective implementation of the closed-loop
CSEA system on a flexible and portable back-support exoskele-
ton. The RoM test demonstrated that the CSEA exoskeleton
equipped with the CSEA system can ergonomically adapt to
different trunk postures with minor limitation on the natural
RoM. Moreover, the EMG test presented effective muscle ac-
tivity reduction for the relevant back and hip muscles during
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the TFE motions with the assistance from the CSEA exoskele-
ton. The results indicate that the proposed closed-loop CSEA
system can not only satisfy our target requirements, but also
present advantages in realizing a flexible, efficient, and powerful
back-support exoskeleton actuation compared with exist-
ing counterparts. It thus provides a promising method
to develop a back-support exoskeleton to maximize bi-
ological benefits for TFE assistance with an efficient
and sufficient assistance output capability while min-
imizing restrictions on other natural motions with a
flexible and ergonomic structure.

APPENDIX
A. Stability of the Closed-Loop CSEA System in SEA Status

Consider Lyapunov function candidate
Vse = ET P.E. (43)

Based on (23), (24), (27), and (29), the time derivation of (43)
can be derived as

Vse = ET (AP, + P.A, —2p"'P.B.BTP,) E
+2E"P. B, (—k - sgn (E" P.B.) + d)
< —E"(Q+p 'P.B.B'P.) E
—2|E"P.B.| k+2|E"P.B.| -0

=—E" (Q+p 'P.B.BP.) E-2|E"P.B.| (k—0).
(44)

According to (44), since k > o, Vse < 0is guaranteed with
the positive definite matrix () and the positive constant p. There-
fore, the state E/ will asymptotically converge to zero. |
B. Stability of the Closed-Loop CSEA System in CSA Status

Consider Lyapunov function candidate

1
Vpe = = € (45)
2
Based on (31), the time derivation of (45) is derived as
. (K + k21) 1 >
Vpe=e| ———Fe— —d
P ( iz 22
1
< —F\€| (K +k21) le] — o). (46)
22
According to (46), Vpe < Oifle| > o /(K + ko1). Therefore,
the tracking error e is ultimately bounded. |
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