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Abstract—Wearable robotic devices interact with human by
applying assistive force in parallel with muscle-tendon systems.
Designing actuations in mimicking the natural activation pat-
terns of human muscles is a promising way to optimize the
performance of wearable robots. In this paper, we propose a
bio-inspired cable-driven actuation system capable of providing
anisometric contractions (including concentric and eccentric
contraction) assistance or nearly acting as a transparent device
in an efficient manner. A novel clutch-spring mechanism is
employed to accomplish switches between assistive modes and the
transparent mode. Corresponding control strategies coordinating
with the mechanical design were presented and described in
detail. Multiple evaluations were conducted on a test bench to
characterize the system performance. The closed-loop bandwidth
of the system running concentric assistance control was 18.2 Hz.
The R-squared values of linear fitting under eccentric assistance
control were above 0.99. The engagement time of the proposed
clutch was about 90 ms. Applying the actuation to an ankle
exoskeleton, multiple walking experiments with electromyogra-
phy measurement were performed on five subjects to show its
application potential in existing wearable robots. Experimental
results revealed that the proposed design could reduce soleus
muscle activity by 27.32% compared with normal walking. This
study highlights the importance of functional bionic design
in human-assistance-related devices and introduces a general
actuation system that could be directly applied to existing cable-
driven wearable robots.

Index Terms—Actuation system, bio-inspired, cable-driven,
wearable robotic device.
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EARABLE robotic devices, such as robotic exoskele-

tons or orthoses, have attracted increasing interest and
been greatly advanced over the past two decades [1,2], be-
cause of their significant functionalities in human performance
augmentation, impaired individual assistance and motor reha-
bilitation [3]. These robotic devices are designed to interact
with the human body by applying assistive force in parallel
with muscle-tendon systems and replace the functionalities of
musculoskeletal systems partially or entirely [4]. As the power
source of wearable robotic devices, the actuation system serves
as the human muscle. According to the principle of functional
bionic design, it is a promising way to optimize the perfor-
mance of wearable robots by imitating natural biomechanical
characteristics of human muscles efficiently.

Generally, the natural activation patterns of human muscles
include isometric contraction and anisometric contractions [5].
Isometric contraction refers to the muscle activation at constant
length without power output [6]. The main functionality of
isometric contraction is to support and maintain body posture.
Anisometric contractions with power output can be divided
into concentric contraction and eccentric contraction, accord-
ing to the direction of the muscle length variation [7]. In
concentric contraction, the contractile force in the muscle
decreases as the muscle length shortens under load [8]. During
this process, the direction of the muscle velocity is in accord
with that of the muscle contractile force, and the muscle does
positive work to actuate the human body. For instance, in
the push-off period of bipedal walking, the soleus contracts
concentrically to generate propulsion [6]. In eccentric contrac-
tion, the muscle length increases under load, meanwhile, the
direction of the muscle contractile force is against that of the
muscle velocity [9]. The muscle does negative work to reduce
the moving velocity of the human body during eccentric
contraction. For example, in the mid-stance period of bipedal
walking, the ankle joint dorsiflexes passively resulted from the
forward movement of the body weight. In this process, the
soleus contracts eccentrically to generate a resistive moment
preventing the ankle joint from rotating too fast and ensuring
the body weight moves forward smoothly [10]. In the stand-to-
sit transition, the quadriceps femoris contracts eccentrically to
provide a resistive moment preventing the human body from
falling too fast under gravity [11]. Overall, to supply motion
assistance for the human, the actuation system of wearable
robotic devices is expected to act like anisometric contractions
of human muscles.

Besides, according to the “assist-as-needed” principle, the
wearable robot is also expected to follow the natural motion
of the human body as transparently as possible in some
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cases [12]. For instance, in the swing phase of the gait cycle
during level-ground walking, the ankle joint does not need to
support the human body and the biomechanical ankle moment
decreases substantially [8]. Meanwhile, the ankle joint rotates
freely to prepare for the next ground contact. Wearable robots
are expected to exert minimized interaction force on the human
in this period [13—15]. However, to improve the output torque
of wearable robots, the reducer with a high reduction ratio
is generally employed in the actuation design, which will
deteriorate the back-drivability of the robotic system [16]. How
to achieve system transparency effectively is a big challenge
in implementation [17, 18].

To date, for mimicking the anisometric contractions of
human muscles and achieving system transparency, plenty of
efforts have been made by researchers all over the world. In
terms of mechanical transmission, the cable has been applied
generally in the actuation system of wearable robotic devices,
e.g. exoskeletons for the hip joint [19], knee joint [20], ankle
joint [15], upper limb [21-23], and the hand [24]. Because it
achieves power transmission by changing the distance between
two anchors, which is similar to muscle contraction. And the
cable transmission has outstanding advantages in lightweight,
power efficiency, simplicity, and flexibility of design compared
with other mechanical transmissions [25, 26].

In terms of functionality, researchers have tried to imitate
the anisometric contractions of human muscles and achieve
system transparency in several ways.

1) On the one hand, many powered devices based on cable
transmission were proposed to meet this goal. They
utilized brushless DC motor driving pulley directly to
exert active assistance on the human, no matter in the
concentric or eccentric assistance period [14, 15,27-30].
These designs are simple in mechanical structure and
driving strategy, yet will consume unnecessary electrical
power for actuating the motor actively during eccentric
assistance. In [27], commanding the motor to stay at a
fixed position was also with non-ignorable electrical en-
ergy consumption, although the eccentric assistance force
was passively generated by the natural ankle dorsiflexion.
In these designs, Slade [15], Quinlivan [14] and Chen [30]
achieved complete system transparency through cable
slack management, i.e. pushing the cable out to slack
during non-assistive phase [31]. However, due to the
friction in transmission, slackening may cause the cable
to derail from the pulley, resulting in system failure [32].
Park [28] and Schmidt [29] tried to minimize the human-
robot interaction by commanding a “zero-torque” control,
but the control performance was limited to the system
bandwidth. In other words, the human-robot interaction
force would enlarge with the increase of human motion
frequency [33, 34].

2) On the other hand, Collins et al. designed a passive
spring-clutch mechanism to imitate the activation patterns
of calf muscles [13]. In this design, the clutch engaged
a parallel spring with the human ankle in the stance
phase of the gait cycle to supply eccentric assistance (in
the mid-stance period) and concentric assistance (in the
push-off period), while disengaged in the swing phase

to allow free motion. This passive device can simu-
late two anisometric activation patterns of calf muscles
and achieve transparency through clutch disengagement.
However, this passive design is only suitable for the
fixed application scenario, i.e. ankle assistance in level-
ground walking. Moreover, the assistance force profile
cannot be adjusted in real time. The switching orders of
different action modes fully depend on the mechanical
structure, and the mechanism needs to be customized
according to the body figure of the wearer. By contrast,
Shepertycky et al. proposed a passive device to provide
only eccentric assistance for the hamstrings during the
terminal swing phase of the gait cycle [20]. In this passive
device, the assistance force profile could be adjusted
through generator internal resistance regulation, but only
one contraction assistance pattern was involved.

3) Besides, other efforts have been made in wearable robots
with rigid structures [35-37]. They integrated series
electro-mechanical/magnetic clutches into the robotic
design. These devices can provide active or passive
assistance when clutches are engaged and achieve
transparent mode by decoupling the driving motor
with the robotic joint. However, employing an electro-
mechanical/magnetic clutch introduces another power
source for clutch control, and may increase the size,
inertia, and control complexity of the robotic system.

Overall, most existing designs could provide anisometric
contractions assistance by commanding the motor to rotate
actively, yet consuming extra electrical power to assist ec-
centric contraction is unnecessary. Given the force-velocity
characteristic of eccentric contractions, it is more efficient to
generate corresponding assistive force from electromagnetic
induction. Moreover, despite these efforts to achieve system
transparency, there remain limitations to avoiding cable de-
railment and performance deterioration.

To address these issues, in this paper, we propose a bio-
inspired cable-driven actuation system that integrates both
anisometric contractions assistance and transparent mode. In
this design, the generator status is utilized to supply eccentric
assistance, and a clutch-spring mechanism controlled by the
driving motor is employed to quickly switch between assistive
modes and the transparent mode. Corresponding control strate-
gies coordinating with the mechanical design are presented
and implemented. Both test bench evaluations and walking
experiments with electromyography measurement performed
on an ankle exoskeleton were conducted to characterize its
performance.

The rest of this paper is organized as follows. The me-
chanical design and synergy mechanism of the actuation
system are shown in Section II. The control strategies are
presented in Section III. Section IV illustrates the performance
characterization of the proposed actuation. Section V describes
the wearable robot application tests, while Section VI presents
the electromyography evaluation experiments. We discuss and
conclude in Section VII and Section VIII, respectively.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Robotics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TR0.2023.3324200

IEEE TRANSACTIONS ON ROBOTICS

Pulley Encoder

Torsion Spring

Frame Torsion Spring  Pulley

Output Shaft

—ajj Frame

T ; Mechanical Clutch

~_Planetary Gearbox

(a) Cross-sectional view of the mechanical design.

Back View
Driving Disc

Pulley \ °Q
©)

Bowden Cable

(c) Implementation photos.

Spring Housing

Sheath Driving Disc \ Geared Motor

(b) Explosive view of the mechanical design.

Damping Tension Regulation

Active Motor Rotation -
< Working as a Generator

Clutch Disengagement

Concentric Assistance Eccentric Assistance

Transparent Mode

(d) Working principles of the actuation system.

Fig. 1. Actuation system design. The bio-inspired cable-driven actuation system is capable of supplying concentric assistance (by active motor rotation) and
eccentric assistance (by damping tension regulation) according to the activation status of human muscles, or nearly acting as a transparent device (by clutch
disengagement) when assistance is not needed. The mode switches between assistive modes and the transparent mode fully depend on the mechanical clutch
controlled by the driving motor. In this figure, wy,, T are the angular velocity and the output torque of the motor, respectively; wp, T are the angular
velocity and the output torque of the pulley, respectively. T refers to the torque provided by the torsion spring. v, Fe represent the velocity and the force

of the cable, respectively.

II. ACTUATION SYSTEM

According to the natural biomechanical characteristics of
human muscles, a bio-inspired cable-driven actuation system
that integrates three action modes is proposed. This device
can cooperate with human muscles to provide concentric
assistance (by active motor rotation), eccentric assistance (by
damping tension regulation), or nearly act as a transparent
system (by clutch disengagement), in the proper period. The
mechanical design of the actuation system and the synergy
mechanism between the actuation and the human muscle are
described in this section.

A. System Design

As shown in Fig. 1, a compact cable-driven actuation system
that integrates three action modes and employs a clutch-spring
mechanism to quickly achieve mode switches is proposed to
mimic the biomechanical characteristics of human muscles.
The Bowden cable composed of inner steel cable (diameter:
1.5 mm, capacity: 220 1b) and outer sheath (external diameter:
5 mm, internal diameter: 2 mm) is selected as the transmission
medium. Fig. 1(a) shows the cross-sectional mechanical struc-
ture and Fig. 1(b) illustrates the explosive view of the proposed
actuation system. In this design, the mechanical power is
generated by a brushless DC motor with a 6:1 planetary
gearbox (weight 0.54 kg, rated torque 8 Nm, peak torque
16 Nm, rated speed 300 rpm, SS-BLDC-6-300, SpeedSmart
Co., Ltd., China), which is electrically powered by a Li-ion
battery (48V, 2600 mAh). The geared motor drives a clutch-
spring mechanism through the output shaft. The clutch-spring

mechanism refers to the unidirectional mechanical clutch
parallel with a torsion spring. The unidirectional mechanical
clutch consists of three major parts: the driving disc with a
driving block, the 43.5 mm radius single-wrap pulley with a
driven block, and the frame with an end stop. The stator of the
DC motor mounted on the frame is housed by the motor rotor,
and the ring gear of the planetary gearbox is integrated into the
stator of the DC motor for mechanical simplicity. The output
shaft connects the planet carrier of the planetary gearbox with
the driving disc of the mechanical clutch, while the pulley
is mounted between the driving disc and the frame through
bearings. A pre-tensioned torsion spring connects the pulley
to the frame. The torsion spring wraps around the central shaft
of the pulley, while one end of the torsion spring is attached
to the central shaft of the pulley and the other is fixed on the
frame. When the cable is unspooled, the torsion spring will be
compressed, and the consequential spring force is capable of
ensuring that the cable is in tension, for avoiding mechanical
failure of the cable stuck and making the transmission more
compliant [38]. Besides, the rotation information of the motor
and the pulley are captured by two magnetic encoders mounted
along the motor shaft and pulley shaft, respectively. Apart from
encoders, the control hardware of the actuation also includes a
motor driver and a custom electronics board with functions of
data acquisition and control. Overall, the entire length of the
actuation system is 86 mm (plus the thickness of encoders),
the maximum diameter is 118 mm, and the weight is about
1.10 kg.

The switching process between assistive modes (concentric
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assistance and eccentric assistance) and the transparent mode
mainly depends on the unidirectional mechanical clutch. As
shown in Fig. 1(d), the driving block of the driving disc
is arranged between the driven block of the pulley and the
stop block of the frame. On the one hand, if the driving
disc clockwise rotates driven by the motor until the driving
block of the driving disc contacts with the driven block of the
pulley, the clutch will engage the pulley with the motor. After
the clutch engagement, if the motor continues to clockwise
rotate actively, the cable will be spooled into the slot of the
pulley. In this case, the mechanical power generated by the
motor can be transmitted to the object, and the actuation
is capable of providing concentric assistance (active motor
rotation). Contrariwise, after the clutch engagement, if the
motor anticlockwise rotates passively pulled by the object, the
cable will be unspooled from the slot of the pulley. In this case,
the motor will work as a generator to generate braking torque
resulting from the induced current, and the actuation is capable
of providing eccentric assistance (damping tension regulation).
On the other hand, if the driving disc anticlockwise rotates
actively driven by the motor until the driving block of the
driving disc is decoupled with the driven block of the pulley,
the clutch will be disengaged. After clutch disengagement, the
cable is decoupled with the motor and thus can be spooled
or unspooled passively only under the effects of the pre-
tensioned torsion spring (clutch disengagement). When the
driving disc anticlockwise rotates actively driven by the motor
until the driving block of the driving disc contacts with the
stop block of the frame, the pulley can rotate with the maximal
range of approximately 330 deg without motor interference.
Meanwhile, the maximum free motion range of the cable is
achieved (about 250 mm).

B. Synergy Mechanism

The actuation system is designed to cooperate in parallel
with the muscle-tendon system of the human to reduce muscle
activation. In this device, the assistive modes include both con-
centric and eccentric assistance. The mode switches between
assistive modes and the transparent mode are achieved by the
clutch status control. Taking soleus as an example (see Fig. 2),
the synergy mechanisms between the proposed actuation and
the human muscle are illustrated as follows.

1) Concentric Assistance: In the concentric contraction
period of the soleus (mainly in the push-off period of the
human gait cycle), the mechanical clutch engages the pulley
with the motor, and the mechanical power actively generated
by the actuation will be transferred to the user’s leg to achieve
concentric assistance concerning plantarflexion aid.

During this process, the pulley rotates with the motor, thus

Wp = Wm, (1)

where w,, refers to the angular velocity of the pulley, and w,
refers to the angular velocity of the motor.

The torque generated by the actuation and exerted on the
pulley can be expressed as

T, =T + Tk, 2)

Driving Disc Pulley Frame Motion Dlrec“q“ .
—> Force/Torque Direction
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Fig. 2. Synergy mechanisms between the proposed actuation and the human
muscle (taking soleus as an example). In assistive modes, the proposed
actuation cooperates with the human muscle and reduces muscle activation
by applying proper assistive force in parallel with the corresponding muscle-
tendon system. In transparent mode, the interaction torque between the device
and the human fully depends on the pre-tension level of the torsion spring.
In this figure, Fi,,, is the muscle force generated by the soleus, and Ly
symbolizes the moment arm of the muscle force relative to the center of
rotation (CoR) of the ankle joint. Legzo refers to the moment arm of the
cable force generated by the actuation system. wgpkie, Mankie represent the
angular velocity and the moment of the human ankle, respectively.

where T}, and T}, are the output torque of the pulley and the
motor, respectively. T is the torque provided by the torsion
spring.

In this design, the friction of bearings is insignificant
compared with that of Bowden cable, thus can be neglected
in the analysis.

According to the principle of power conservation, we can
obtain

prp = chanv (3)

where F, and v, represent the tensile force and the velocity
of the cable, respectively. np represents the efficiency of the
Bowden cable transmission.

According to the Capstan formula [39-41], the efficiency
of the Bowden cable transmission can be modeled as

np = e, 4)

where  is the coefficient of kinetic friction between the sheath
and the cable, and 0 is the curve angle of the entire Bowden
cable.

By combining Eq. (1), Eq. (2), Eq. (3), and Eq. (4), we can
obtain the cable force
(T + T) we M0
Ve '

F. = (&)

When the actuation is decoupled with the human, we
assume that the necessary human ankle moment for achieving
normal bipedal walking is generated entirely by the soleus. In
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this case,
Mankle = quLmu7 (6)

where M, k1. represents the moment of the human ankle. F,,,,,
represents the muscle force generated by the soleus, and L,
symbolizes the moment arm of the muscle force relative to
the center of rotation (CoR) of the ankle joint.

When the actuation provides concentric assistance for the
human, the necessary human ankle moment is generated
partially by the actuation system. In this case,

Mankle = F»r/nuLmu + FcLezoa (7)

where F,,, refers to the muscle force generated by the soleus

under exoskeleton intervention, and L., refers to the moment

arm of the cable force generated by the actuation system.
By combining Eq. (6) with Eq. (7), we can obtain

F’r/nu = qu - %

2) Eccentric Assistance: QOppositely, in the eccentric con-
traction period of the soleus (mainly in the mid-stance period
of the human gait cycle), the mechanical clutch couples the
pulley with the motor. The actuation will generate braking
torque and exert passive moment on the human ankle as
eccentric assistance to decrease ankle dorsiflexion acceleration
and prevent ankle hyperflexion.

During this process, the pulley also rotates with the motor,
thus Eq. (1) still holds.

The torque generated by the actuation and exerted on the
pulley can be expressed as Eq. (2).

According to the principle of power conservation, we can
obtain

< Frnu- ®)

Ty (—wp) = Fe (—ve) np- ©))

By combining Eq. (1), Eq. (2), Eq. (4), and Eq. (9), we can
obtain the cable force

(T + T) we 0

Ve ’

F. =

(10)

Similar to the concentric assistance process, the necessary
human ankle moment for achieving normal bipedal walking
when the actuation is coupled or decoupled with the human
can be expressed as

Mankle = quLmu = FqlnuLmu + F(:Le.to- (11)
By combining Eq. (10) with Eq. (11), we can obtain
/ FcLexo
Fpny = Fow = =% < Fona. (12)

3) Transparent Mode: Furthermore, this actuation is de-
signed according to the “assist-as-needed” principle, thus the
transparent mode, which is a key requirement for assistive
wearable robots [12], is also involved. In the swing phase
of the human gait cycle, the ankle joint does not need to
support the human body and the biomechanical ankle moment
decreases substantially. Meanwhile, the ankle joint rotates
freely to prepare for the next ground contact. The actuation is
expected to exert minimized interaction force on the human

in this period. And the interaction force between the wearable
robot and the human is mainly generated by the torsion spring.

During this process, the motor stops next to the anticlock-
wise side edge of the end stop,

wm = 0. (13)

According to the principle of power conservation, we can
obtain

Tswy, = Fooeng. (14)

By combining Eq. (4) with Eq. (14), we can obtain the cable
force
B Tsw,,e_“9

Ve

F. 15)
The interaction torque exerted on the ankle joint during
dorsiflexion/plantarflexion is

TowyLegoe MY
pliexo
" =F.Lepo= —"—"——

ankle

(16)
Ve

Above all, the proposed actuation is capable of cooperating
with the human muscle and reducing muscle activation by
applying proper assistive force to the muscle-tendon system
theoretically, as described in Eq. (8) and Eq. (12). Moreover,
the interaction torque between the device and the human
is mainly generated by the pre-tensioned torsion spring in
transparent mode.

III. CONTROL STRATEGY

In order to mimic the natural anisometric contractions of
human muscles, a group of control strategies is designed for
achieving corresponding assistive modes and mode switching.
To be specific, a concentric assistance controller is conducted
to aid the concentric contraction process of the human mus-
cle, while an eccentric assistance controller is implemented
to supply assistance when the target human muscle is in
eccentric contraction status. Besides, following the “assist-
as-needed” principle, a mode switching controller, i.e. clutch
engagement/disengagement controller, is also involved in the
control architecture, for switching between assistive modes
(concentric and eccentric assistance) and transparent mode.

The electronics hardware of the control system consists
of a two-layer control architecture: microprocessor (outer
layer) and motor driver (inner layer). An ARM Cortex M7
processor (STMicroelectronics, Switzerland) is selected as the
outer layer, in which the main controller is implemented. The
main control loop in the processor layer runs at 500 Hz. A
motor driver (maximal voltage 75 V, rated current 20 A, YK-
HS485, SpeedSmart Co., Ltd., China) is employed to interface
with the motor and sensors including two magnetic encoders
and a single-axis in-line load cell (FUTEK Advanced Sensor
Technology Inc., USA) for cable force measurement. The
motor driver receives data from the motor encoder at 20 kHz,
data from the pulley encoder at 1 kHz, and data from the
load cell at 1 kHz. The processor layer communicates with
the motor driver at 500 Hz.
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Fig. 4. Block diagram of the mode switching control. (a) Clutch engagement control refers to the mode switching control from the transparent mode to

assistive modes. (b) Clutch disengagement control refers to the mode switching control from assistive modes to the transparent mode.

A. Concentric Assistance Control

During the concentric contraction process of the human
muscle, an active assistance force profile is expected to act on
the human body in parallel with the muscle-tendon system.
Hence the force control loop is chosen as the outer layer
of the concentric assistance controller, with the inner layer
running a velocity control loop, as shown in Fig. 3. In the
outer loop, the desired cable force profile is generated and sent
to the proportional-integral force controller after subtracting
the actual cable force measured by the load cell. The force
control loop will iteratively generate and send the desired
motor velocity command to the inner velocity control loop.
Following the command from the force controller, the inner
velocity controller will tune the motor speed correspondingly
to accomplish proper active cable force output.

B. Eccentric Assistance Control

During the eccentric contraction process of the human
muscle, the cable is unspooled from the pulley towed by the
human. At this time, a resistance that hinders the cable move-
ment is desired for absorbing the impact of human motion and
reducing muscle activation. Following our previous works in
prostheses [42,43], a damping cable tension regulating method

is implemented in this controller. Specifically, the motor is
capable of behaving as a generator during passive rotation.
According to the law of electromagnetic induction, an induced
voltage E, will be produced in the foregoing process. Further,
a resulting induced current I, will be generated along the
motor armature:

Ea _ CE(ZSTL
Ry Ry’
where R, represents the motor armature resistance, Cg, ¢,
and n refer to the electromotive constant, the magnetic field
intensity, and the motor speed, respectively.

I, =

a7

Then, the induced current will produce Ampere’s force
under the effect of the magnetic field and therewith the motor
braking torque:

CrCp¢?
Rq
where C'r is the motor torque constant, and k4 can be regarded

as the damping coefficient.

Since the magnetic field intensity of the motor is hard to
change in real time, we adjust the damping coefficient of

the system by appropriately regulating the motor armature
resistance R,. The corresponding regulating circuits have been

Ty = Crol, = n = kqn, (18)
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integrated into the motor driver.

C. Transparent Mode

In this design, the transparent mode is achieved by de-
coupling the cable with the geared motor, thus the system
transparency will not be affected by the back-drivability of
the motor with reduction and fully depends on the pre-tension
level of the torsion spring.

D. Mode Switching Control

The clutch is employed to switch between assistive modes
and the transparent mode in this actuation. The mode switch-
ing celerity and accuracy mainly depends on the performance
of the clutch status control. Following actual requirements in
operation, the clutch engagement controller (switch from the
transparent mode to assistive modes) and the clutch disengage-
ment controller (switch from assistive modes to the transparent
mode) are organized respectively.

For clutch engagement control, the primary goal is to couple
the pulley with the motor smoothly, since the mechanical
collision and impact are unacceptable for robust control. On
the premise of this, the engagement time is expected to be
as short as possible. Generally, the pulley position profile 8,
can be treated as the desired position profile of the motor
directly, in order to achieve the fastest contact. However, if
the desired motor position is forthrightly commanded as the
current pulley position, the motor may overshoot the desired
position under the effect of inertia. Meanwhile, the driving
block of the driving disc will collide with the driven block of
the pulley. Hence, a position-velocity control loop is proposed
as the outer layer to smooth the clutch engagement process,
as depicted in Fig. 4(a). In this loop, the velocity of both the
motor and the pulley is calculated in real time and utilized to
modify the desired motor position profile,

Od = 0p — K |(wp —wm)l, 19)

where 05 and 0, are the desired motor position and the
actual pulley position, respectively. K refers to the amplifier.
If K +#0, a position margin is reserved between the actual
pulley position profile and the desired motor position profile.
Furthermore, the margin size will shorten with the speed
difference between the pulley and the motor decreasing. In this
way, the motor position profile could encounter and coincide
with the pulley position profile gradually and smoothly. In
practice, the amplifier K needs to be regulated according to
the actual application scenario.

For clutch disengagement control, the primary goal is to
decouple the pulley from the motor as quickly as possible. In
this case, a normal proportional-integral-differential position
control loop is employed as the outer layer, with the inner
layer running a current control loop, as illustrated in Fig. 4(b).
The desired motor position 6, is set as a point near the
anticlockwise side edge of the end stop, to obtain the maximal
free motion range of the cable.

IV. ACTUATION PERFORMANCE CHARACTERIZATION

In order to comprehensively demonstrate the performance
of the proposed actuation, a series of characterization exper-
iments were conducted on a test bench, as shown in Fig. 5.
The proposed actuation system was mounted on the left-hand
side of the test bench, while a towing system was fixed on
the other side. The towing system was composed of a geared
motor as same as the power source of the proposed actuation
(SS-BLDC-6-300, SpeedSmart Co., Ltd., China), a 43.5 mm
radius single-wrap pulley, a motor encoder (EBI-1135, Hei-
denhain, Germany), and a motor driver (G-TW125/100SRS,
Elmo Motion Control Ltd., Israel). The pulley of the towing
system is capable of being fixed firmly on the frame of the test
bench alternatively. A steel cable with an in-line load cell links
the pulley of the proposed actuation with that of the towing
system. The data of encoders and the data of the load cell are
collected with a frequency of 500 Hz.

Actuation System Towing System
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Fig. 5. Test bench setup. The pulley of the actuation system mounted on
the left-hand side can be pulled clockwise rotate by the towing system fixed
on the other side of the test bench and return to its initial position under the
effect of the torsion spring when the cable is released by the towing system.
The pulley of the towing system can be fixed firmly on the frame of the test
bench.

A. Concentric Assistance Control

To reveal the active force-tracking performance of the pro-
posed actuation in the concentric assistance control, we con-
ducted bandwidth test experiments by commanding sinusoidal
sweep force signals (from 1 Hz to 20 Hz) with a magnitude of
50 N (peak to peak 100 N), and 75 N (peak to peak 150 N),
respectively. The testing parameters were selected according to
the assistance magnitudes of related soft exoskeletons and the
actual bandwidths of the proposed actuation system. In these
tests, the pulley of the towing system was fixed firmly on the
frame of the test bench, i.e. the cable output of the proposed
actuation was stuck. Under each magnitude, ten rounds of tests
were performed repetitively.

The desired and measured force signals of the same round
were fed to the Fourier transformation. Then, the frequency
domain data of magnitude and phase were retrieved. After
averaging over ten rounds in the frequency domain, the Bode
plots of the actuation with force controller were obtained, as
shown in Fig. 6. Bandwidth was calculated as the lesser of
the -3 dB cutoff frequency and the -180 deg phase offset
crossover frequency. The gain-limited closed-loop bandwidths
of the system with 50 N and 75 N magnitude were 18.2 Hz
with a phase margin of 13.0 deg and 12.6 Hz with a phase
margin of 29.0 deg, respectively.
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Fig. 6. Bandwidth test results of the concentric assistance control. Bandwidth
was calculated as the lesser of the -3 dB cutoff frequency and the -180 deg
phase offset crossover frequency.
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Fig. 7. Damping test results of the eccentric assistance control. (a) The

actuation with a preset damping parameter was pulled to rotate passively by
the towing system in a series of constant speeds. (b) Three groups of damping
control with different fitting coefficients were conducted by regulating the set
damping parameter.

B. Eccentric Assistance Control

To verify the effectiveness of the proposed eccentric assis-
tance control, the damping cable tension generated by the actu-
ation system was evaluated in two experimental conditions, as
illustrated in Fig. 7. At first, the actuation was pulled to rotate
passively by the towing system in a series of constant speeds
(cable velocity: 0.228 m/s, 0.266 m/s, 0.304 m/s, 0.342 m/s,
0.380 m/s). And the cable tension generated by the actuation
with fixed damping parameter changed slightly during the
whole process (see Fig. 7(a)). To be specific, the standard
deviations (SD) of the force data generated during motion
were 1.22 N, 1.43 N, 1.38 N, 1.28 N, and 0.96 N, respec-
tively, corresponding to the five cable velocities. Then, three

8
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Fig. 8. Power efficiency comparison results. In the damping tension regulating
experiment, the actuation performed the damping control employed in this
study. In the active motor braking experiment, the actuation performed current
control. The solid blue lines present profiles under damping tension regulation,
and the dashed orange lines present profiles under active motor braking.
(a) Experimental setup. (b) Output cable force profiles. (b) Motor position
profiles. (c) Supply voltage profiles. (d) Supply current profile of active motor
braking. Raw supply voltage and supply current signals were filtered using
zero-lag 8th order low pass Butterworth filters with 30 Hz cut-off frequencies.

groups of damping control with different fitting coefficients
were conducted by regulating the set damping parameter (see
Fig. 7(b)). The fitting coefficients of the three groups were
43.64 (with an R-squared value of 0.9931), 133.66 (with an
R-squared value of 0.9998), and 222.32 (with an R-squared
value of 0.9999), respectively.

Besides, to investigate the power efficiency of the damping
tension regulating method employed in this study compared
with the common active motor braking method, two groups
of comparative experiments were conducted as well. In these
experiments, ensuring the same cable motion input, the actua-
tion was commanded to output similar cable force profiles by
means of damping tension regulating and active motor braking
(current control), respectively.

As shown in Fig. 8, in the damping tension regulating
experiment, connecting a diode in series between the motor
driver and the power supply so as to allow the current only
flow from the power supply to the motor driver. In this case,
if the power generated by the motor (working as a generator)
exceeds the working power consumption of the motor driver,
the excess energy will be stored in capacitors, which will
increase the capacitor voltage, i.e. the power supply voltage.
When the capacitor voltage is higher than 48 V, there will
be no current output from the power supply, and the driver
is completely powered by the energy collected by capacitors.
Therefore, the energy collection can be reflected by the change
of capacitor voltage. The capacitors utilized in this experiment
include 24 electrolytic capacitors connected in parallel, with
a total capacitance of

C = 4700 x 1075 x 20 + 300 x 107 x 4 = 0.0952 F. (20)
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In the damping tension regulating experiment, the average
power collected by capacitors can be calculated by
C (U5 - U7)

2T

where the positive value presents power generation, Us refers
to the terminating voltage, U; refers to the initial voltage, and
T refers to the time duration.

In the active motor braking experiment, the average power
consumption of the mechatronic system can be described as
the product of supply voltage U, and supply current ,:

P, = —(Uyl,) = —1282 W,

Py = — 198 W, Q1)

(22)

where the negative value presents power consumption.

The power efficiency of the damping tension regulating
method employed in this study compared with the common
active motor braking method is defined as AP:

AP =P, — P, =148 W. (23)

C. Transparent Mode

Transparency is an important index to evaluate the per-
formance of the system when assistance is not needed. A
transparency evaluation experiment was performed on the
aforementioned test bench. In this experiment, the cable with
the pulley of the proposed actuation was towed by the towing
system to move passively back and forth with the magnitude
of 100 mm (peak to peak 200 mm), since the maximum free
motion range of the cable was about 250 mm (demonstrated
in Section IT) and bidirectional position margins were reserved
to prevent the mechanical collision. The frequency of the
commanding sinusoidal position input signals generated by the
towing system ranged from 0.5 Hz to 2.5 Hz, since 2.5 Hz is
sufficient to supply assistance for bipedal walking with normal
speeds and is the highest frequency of input position signal
which the towing system can provide in such magnitude. The
cable force data, i.e. the system resistance of the proposed
actuation was captured by the in-line load cell during the
towing process. The raw force data was filtered using zero-
lag 8th order low pass Butterworth filters with 20 Hz cut-off
frequencies. As described in Fig. 9, the oscillation amplitude
of the cable force profile decayed gradually with the frequency
of the input sinusoidal signal increasing. Meanwhile, the root
mean square (RMS) of the cable force data also decreased
slightly with frequency going up (5.05 N at 0.5 Hz, 5.00 N
at 1.0 Hz, 4.96 N at 1.5 Hz, 4.92 N at 2.0 Hz, and 4.87 N at
2.5 Hz).

D. Mode Switching Control

The controller employed to achieve the mode switch from
assistive modes to the transparent mode (clutch disengage-
ment) in this actuation is a normal proportional-integral-
differential position controller. Ten rounds of bandwidth test
experiments were performed to evaluate the position-tracking
performance of the actuation with clutch disengagement con-
trol. We conducted these experiments by commanding sinu-
soidal sweep position signals (from 10 Hz to 50 Hz) with the

0.5Hz 1.0 Hz 1.5Hz 2.0Hz 2.5Hz
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N
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Fig. 9. System resistance test results of the transparent mode. RMS: the root
mean square of the cable force. The oscillation amplitude of the cable force
profile decayed gradually with the frequency of the input sinusoidal signal
increasing, while the RMS also decreased slightly with the frequency going
up.
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Fig. 10. Bandwidth test results of the clutch disengagement control. Band-
width was calculated as the lesser of the -3 dB cutoff frequency and the -180
deg phase offset crossover frequency.

magnitude of 10 deg (peak to peak 20 deg) as the desired
motor position profile. Due to the mechanical feature of
the proposed clutch, once a small angular position gap was
reserved between the driving block of the driving disc and the
driven block of the pulley, the clutch disengagement process
could be considered complete. Furthermore, 20 deg was big
enough for the angular position gap, and thus was selected
as the testing amplitude. Besides, the frequency sweeping
range of 10-50 Hz was selected to illustrate the bandwidth
of the proposed actuation system completely. After Fourier
transformation, the frequency domain data of magnitude and
phase were retrieved. As depicted in Fig. 10, the Bode plots
were obtained by averaging the frequency domain data over
ten rounds. Bandwidth was also calculated as the lesser of
the -3 dB cutoff frequency and the -180 deg phase offset
crossover frequency. The gain-limited closed-loop bandwidth
of the system was 40.4 Hz with a phase margin of 101.5 deg.

Besides, the performance of the mode switching control
from the transparent mode to assistive modes (clutch engage-
ment control) was characterized in the time domain. Four
groups of evaluation experiments including twelve rounds
were performed overall. For the first three groups of evaluation
experiments, similarly, the cable and the pulley of the proposed
actuation were towed by the towing system to move passively
back and forth. The frequencies of the commanding sinu-
soidal position input signals generated by the towing system
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Fig. 11. Results of the mode switching control conducted on the test bench. The motor position refers to the driving disc position, i.e. the output position
of the geared motor. The proposed actuation was commanded to accomplish clutch engagement near (before, when, and after) the maximal unspooled cable
length was achieved. After the clutch engagement, the driving disc rotated with the pulley of the actuation back and forth following the position tracking

control, until receiving the disengagement command.

were 0.5 Hz (Fig. 11(a)), 1.0 Hz (Fig. 11(b)), and 1.5 Hz
(Fig. 11(c)), respectively. For the last group of tests, the cable
and the pulley of the actuation were towed by the human hand
to simulate an application scenario with a frequency of about
2.0 Hz (Fig. 11(d)).

In these evaluation experiments, the proposed actuation was
commanded to accomplish clutch engagement near (before,
when, and after) the maximal unspooled cable length was
achieved. When the angular distance between the driving block
of the driving disc and the driven block of the pulley was
less than five deg, the clutch engagement control process
was over, and the motor was commanded to track the pulley
position profile back and forth in real time. To prevent the free
movement of the pulley from being hindered by the motor,
a position margin was reserved between the actual pulley
position profile and the commanded motor position profile in
the position tracking control. The contact force ratio (CFR)
was proposed to evaluate the system resistance or collision

induced by the motor quantitatively,

Foontrot = Ffrec
CFR = — Fmax X 100%,
free

(24)
where F'72% refers to the maximal cable force during the
motor decoupling with the pulley completely, F02% . refers to
the maximal cable force during the motor interfering with the
pulley. As illustrated in Fig. 11, the mean(standard deviation)
engagement time of the clutch control was 91.17(20.97) ms,
and the CFR induced by the motor was 5.01(4.71)% over the

twelve rounds evaluation experiments.

V. WEARABLE ROBOT APPLICATION

To evaluate the performance of the proposed actuation
system in an actual scenario, a soft ankle exoskeleton was
developed as the testing platform (see Fig. 12). Similar to the
existing devices [14, 44], the testing ankle exoskeleton consists
of a calf cuff with a sheath attachment, a custom shoe with
a cable attachment, and a pressure insole with two pressure
transducers under the human toe and heel respectively. The
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proposed actuation system is arranged remotely to provide
mechanical power for the exoskeleton. The sheath of the
Bowden cable links the actuation with the sheath attachment
on the calf cuff, and the inner cable with an in-line load
cell (FUTEK Advanced Sensor Technology Inc., USA) is
attached to the cable attachment behind the custom shoe. The
exoskeleton applies assistive force in parallel with the soleus-
Achilles-tendon system of the human.

Motion Capture System

Assistance Force (N)

0

Bowden

Gait Cycle (%) Cabl
aole

Ankle Exoskeleton

Reflective Marker

Sheath Attachment
Pressure

/7 Transducer

Pressure Insole
Custom Shoe

Instrumented Treadmill (O)

Fig. 12. Overview of the wearable robot application test environment. Similar
to the existing devices [14,44], the testing ankle exoskeleton consists of a calf
cuff with a sheath attachment, a custom shoe with a cable attachment, and a
pressure insole with two pressure transducers under the human toe and heel
respectively. In this figure, CE refers to the clutch engagement, CD refers to
the clutch disengagement, EA refers to the eccentric assistance, CA refers to
the concentric assistance, and TM refers to the transparent mode.

A twelve-camera marker-based motion capture system was
employed to collect the kinematics information of the human
ankle joint. The pressure insole was utilized to detect the
key events (heel strike, toe strike, heel off, and toe off)
in the human gait cycle. During level-ground walking on
an instrumented treadmill (Gaitway-3D 150/50, h/p/cosmos
& Arsalis, Germany & Belgium), the actuation system acts
in different modes according to the real-time gait phase of
the wearer. To be specific, between the heel strike and the
toe strike, the actuation is commanded to accomplish clutch
engagement. After the toe strike, the actuation will follow the
eccentric assistance control to aid the soleus-Achilles-tendon
system in preventing the ankle joint from rotating too fast
and ensuring the body weight moves forward smoothly until
the heel off is detected. And then, the actuation will provide
concentric assistance during the push-off period. Once the toe
off is detected, the actuation will be commanded to achieve
clutch disengagement. A single-peak force profile is generated
during the push-off period, according to
Fd (t) _ Fin + (Fp — an) . sin (%t) 5

25
Fy -sin (3). =

where T refers to the assistive cycle length, while Fy, F;,,, and
F), define the desired assistive force, initial cable force, and
peak force magnitude respectively. In practice, Fj, is recorded
by the load cell at the end of the eccentric assistance control,
while F}, and T' are preset parameters.

A. Experimental Protocol

1) Subject: A healthy subject (male, 24 years old, 1.78 m,
77 kg) was recruited in the application experiments. The
study was approved by the local ethics committee of Peking
University, and the participant was given informed written
consent prior to participation.

2) Experimental Design: To describe the functionalities of
the proposed actuation system, two independent experiments
were conducted in total.

Trial 1 (Unassisted level-ground walking): At first, a group
of unassisted level-ground walking experiments including
three independent rounds were performed to quantify the sys-
tem resistance of the ankle exoskeleton. The subject wearing
the unpowered exoskeleton in clutch disengagement status
walked on the treadmill for a minute at different speeds. Three
walking speeds (0.8 m/s, 1.0 m/s, and 1.2 m/s) were selected
for the three rounds, respectively. In these experiments, the
kinematic information of the human ankle and the cable force
measured by the load cell were recorded and stored.

Trial 2 (Assisted level-ground walking): After the processes
above, the actuation system was powered on, and the ex-
oskeleton supplied corresponding assistance for the subject.
Then, a group of level-ground walking experiments including
three independent rounds with three different speeds (0.8 m/s,
1.0 m/s, and 1.2 m/s) were conducted to evaluate the actual
performance of the proposed actuation. The subject wearing
the powered exoskeleton walked on the treadmill for a minute
in each round. In these experiments, the kinematic informa-
tion of the human ankle and the actuation-related data were
recorded and stored.

B. Data Acquisition and Processing

The data from the motor encoder, pulley encoder, load cell,
and pressure insole were synchronously collected by the main
controlling hardware of the actuation system and stored in
a personal computer with a sampling frequency of 500 Hz.
The raw force data captured by the load cell was filtered
using zero-lag 8th order low pass Butterworth filters with
20 Hz cut-off frequencies. The captured kinematic data of
six reflective markers were collected and stored in another
personal computer with a sampling frequency of 100 Hz. All
the data was synchronously collected through a trigger signal.

C. Walking Evaluations

In order to ensure that the results were computed from
steady-state walking data, only the middle ten seconds data
including several consecutive gait cycles were taken from
every one-minute walk for further demonstration, as depicted
in Fig. 13 and Fig. 14. During unassisted level-ground walking
with 0.8 m/s, 1.0 m/s, and 1.2 m/s (Trial 1), as shown in
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Fig. 13. Results of assisted level-ground walking in several consecutive gait cycles. The motor position refers to the driving disc position, i.e. the output
position of the geared motor. The actuation was controlled to supply corresponding assistance according to the gait phase of the subject.

Fig. 14, the maximum system resistances detected by the load
cell were 12.60 N, 12.68 N, and 15.15 N, respectively.

The assisted level-ground walking data (7rial 2) involving
the human ankle angle, the motion status of the pulley and
motor, and the cable force was visualized in Fig. 13. And
the quantitative evaluations shown in Fig. 15 were computed
from the force data of Fig. 13. The control processes and
experimental results in the Trial 2 were described as follows.

After the heel strike, the actuation was commanded to
accomplish clutch engagement. In this process, the motor

(driving disc) did not collide with the pulley, and a little
position margin was reserved between them (see the position
profiles in Fig. 13). Furthermore, the cable force was equiva-
lent to the system resistance in this period. The mean(standard
deviation) of the maximal cable forces in the clutch engage-
ment process over the three walking speeds was 11.77(0.77) N,
while the mean(standard deviation) of root mean squares was
7.46(0.36) N, as illustrated in Fig. 15(a).

After the toe strike, the little position margin was elim-
inated by the wearer, and then, the actuation following the
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Fig. 14. System resistance test results of unassisted level-ground walking in several consecutive gait cycles. During unassisted level-ground walking
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0.8 m/s, 1.0 m/s, and 1.2 m/s (Trial I), the maximum system resistances detected by the load cell were 12.60 N, 12.68 N, and 15.15 N, respectively.
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Fig. 15. Quantitative evaluations for assisted level-ground walking. The results shown in this figure were computed from the force data of Fig. 13. The MAX
and RMS represent the peak value and root mean square of cable force during the specific period, respectively. (a)-(c¢) Comparison of evaluation indexes for
cable force profiles under the three walking speeds in the clutch engagement period, transparent period, and eccentric assistance period, respectively. (d)-(f)
Comparison between the desired cable force profiles and the actual cable force profiles under the three walking speeds in terms of peak value, peak time, and

RMS, respectively.

eccentric control rotated passively pulled by the wear (see the
position profiles in Fig. 13). In this process, a damping cable
force for assisting the eccentric contraction of the soleus was
applied to the subject. And the mean(standard deviation) of
the maximal damping forces over the three walking speeds
was 44.44(1.69) N, while the mean(standard deviation) of root
mean squares was 30.97(1.25) N. As illustrated in Fig. 15(c),
the MAX and RMS of the damping force generated by
the actuation increased with walking speed. To be specific,
compared to walking with 0.8 m/s, the MAX of damping force
during walking with 1.0 m/s and 1.2 m/s increased by 2.02%
and 7.59%, while the RMS increased by 7.21% and 7.42%,
respectively.

Once the heel off was detected, the actuation system would
be commanded to supply concentric assistance. In this process,
a single-peak force profile was generated as the desired cable
force profile according to Eq. (25). Three indexes including
peak value, peak time, and RMS of the cable force were em-
ployed to evaluate the force tracking performance in practice.

Compared with peak values of desired cable force profiles,
that of actual cable force profiles exhibited slight divergences
(+1.16% for 0.8 m/s, +0.17% for 1.0 m/s, -1.10% for 1.2 m/s),
as shown in Fig. 15(d). In terms of peak time, the actual
cable force profiles reached their maximums later (8.99%
for 0.8 m/s, and 2.22% for 1.0 m/s) or earlier (9.23% for
1.2 m/s) than the corresponding desired cable force profiles,
as illustrated in Fig. 15(e). Besides, as depicted in Fig. 15(f),
the root mean squares of actual cable force profiles were lower
than that of desired cable force profiles (6.57% for 0.8 m/s,
6.01% for 1.0 m/s, and 6.06% for 1.2 m/s), because of the
initial decrease process of actual cable force profile which
resulted by the motor status switching delay between passive
mode and active mode.

After the toe off was detected, the actuation system would
follow the clutch disengagement control, and the exoskele-
ton would exhibit the transparent mode. In this period, the
captured cable force was equivalent to the system resistance.
To be specific, as shown in Fig. 15(b) and Fig. 14, during
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Fig. 16. Representative comparison of dynamic results during downhill walking on 8 deg declination under each condition (Zrial I, Subject ABO1). The
curves represent the three different conditions: Without Exo (grey), Assist Off (green) and Assist On (red). (a) Average ankle angle profiles as a percent of
the gait cycle. (b) Average cable force profiles as a percent of the gait cycle. (c)-(f) Normalized EMG linear envelope as a percent of the gait cycle for the
four muscles examined: soleus (SOL), tibialis anterior (TA), medial gastrocnemius (MG), and lateral gastrocnemius (LG).
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Fig. 17. Changes of soleus muscle activities in the assistance period and
ankle motion ranges in the whole stride (N = 5, Mean + S.E.M) under the
Assist On condition and Assist Off condition compared with normal walking
(Without Exo) in the Trial 1. (a) Changes of soleus muscle activity RMS in
the concentric assistance period. (b) Changes of soleus muscle activity RMS
in the eccentric assistance period. (c) Changes of ankle motion range in the
whole stride. *: p < 0.05; **: p < 0.01; ***: p < 0.001.

walking with 0.8 m/s, 1.0 m/s, and 1.2 m/s, the maximal
cable forces in transparent mode (or unassisted walking) were
12.51 N (12.60 N), 12.98 N (12.68 N), and 15.24 N (15.15 N),
respectively. The mean(standard deviation) of the maximal
cable forces over the three walking speeds was 13.58(1.46) N,
while the mean(standard deviation) of root mean squares was
9.59(0.64) N. Overall, the proposed actuation system was
capable of supplying assistance as commanded stably.

VI. EVALUATION EXPERIMENTS
A. Experimental Protocol

To quantitatively assess the effects of the proposed design,
several groups of surface electromyography (EMG) measure-
ment experiments were conducted in this section. Generally,
the soleus performs eccentric contraction during each stride
to decelerate ankle dorsiflexion after foot strikes in normal
locomotion [8]. During level-ground and uphill walking, the
duration and magnitude of soleus eccentric contraction are
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Fig. 18. Changes of muscle activities (N = 5) under Assist On condition
and Assist Off condition compared with normal walking (Without Exo) in the
Trial 1. (a) Changes of peak muscle activity in the entire stride. (b) Changes
of muscle activity RMS in the entire stride. (c) Changes of muscle activity
RMS in the assistance period. *: p < 0.05; **: p < 0.01; ***: p < 0.001.

relatively small, while great efforts are made by concentric
contraction for forward propulsion and energy generation [45—
47]. By contrast, additional eccentric muscle contraction is
performed by the soleus of the human to lower the center of
mass and achieve energy absorption in downhill walking, and
the activation level of concentric contraction decreases accord-
ingly [45, 48, 49]. Hereby, for emphasizing the contribution of
eccentric contraction in bipedal ambulation to some extent,
downhill walking was selected as the test scenario.

In these EMG measurement experiments, the soft ankle
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Fig. 19. Representative comparison of dynamic results during downhill walking on 5 deg declination under each condition (Zrial 2, Subject ABO1). The
curves represent the three different conditions: Without Exo (grey), Assist Off (green) and Assist On (red). (a) Average ankle angle profiles as a percent of
the gait cycle. (b) Average cable force profiles as a percent of the gait cycle. (c)-(f) Normalized EMG linear envelope as a percent of the gait cycle for the
four muscles examined: soleus (SOL), tibialis anterior (TA), medial gastrocnemius (MG), and lateral gastrocnemius (LG).
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Fig. 20. Changes of soleus muscle activities in the assistance period and
ankle motion ranges in the whole stride (N = 5, Mean + S.E.M) under
Assist On condition and Assist Off condition compared with normal walking
(Without Exo) in the Trial 2. (a) Changes of soleus muscle activity RMS in
the concentric assistance period. (b) Changes of soleus muscle activity RMS
in the eccentric assistance period. (c) Changes of ankle motion ranges in the
whole stride. *: p < 0.05; **: p < 0.01; ***: p < 0.001.

exoskeleton powered by the proposed actuation system (see
Fig. 12) was evaluated on five able-bodied subjects (male,
24.00 £ 1.41 years old, 1.80 £ 0.05 m, 75.80 £+ 7.39 kg)
walking downhill on an instrumented treadmill at 1.0 m/s
under three conditions: normal walking without the exoskele-
ton (Without Exo), walking with the unpowered exoskeleton
(Assist Off), and walking with the powered exoskeleton (Assist
On). None of the participants reported having any known
or apparent injuries that could affect their gait. Under each
condition, participants walked on the treadmill for 6 min, with
the first 3 min for training and the second for data collection.
Two trials of independent EMG measurement experiments
were performed in total, including downhill walking on 8 deg
declination (Trial 1) and 5 deg declination (Trial 2). The
study was approved by the local ethics committee of Peking
University, and the participant was given informed written
consent prior to participation.

During all trials, surface EMG signals from four calf
muscles of subjects were recorded at 1 kHz by means of
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Fig. 21. Changes of muscle activities (N = 5) under Assist On condition
and Assist Off condition compared with normal walking (Without Exo) in the
Trial 2. (a) Changes of peak muscle activity in the entire stride. (b) Changes
of muscle activity RMS in the entire stride. (c) Changes of muscle activity
RMS in the assistance period. *: p < 0.05; **: p < 0.01; ***: p < 0.001.

a wireless system (Trigno Wireless EMG System, Delsys,
USA). Muscles investigated in this study were soleus (SOL),
tibialis anterior (TA), medial gastrocnemius (MG), and lateral
gastrocnemius (LG), respectively. Prior to EMG electrode
fixation, the skin surface was shaved and cleaned with alcohol.
And electrodes were placed following SENIAM guidelines.
Three-dimensional ground reaction forces were measured at
1 kHz using an instrumented treadmill. The exoskeleton-
related data, EMG signals, and ground reaction forces were
collected simultaneously with the motion data measured by
the motion capture system.
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Raw EMG signals were high-pass filtered with a cutoff
frequency of 20 Hz, rectified and low-pass filtered with a
cutoff frequency of 6 Hz to create muscle-activity linear en-
velopes, similar to [30]. For each participant and each muscle,
the resulting EMG linear envelope was then normalized by
the maximum activation (averaged across twenty consecutive
strides) recorded during the normal walking condition (With-
out Exo).

All results from each walking session were separated into
gait cycles using ground reaction force data and normalized to
each gait cycle. A gait cycle was considered to be the period
between subsequent heel strikes of the left leg [20]. For each
walking session, twenty consecutive strides from steady-state
walking data were used to compute averages and then plot
comparisons between conditions.

To quantitatively evaluate the changes in muscle activities,
RMS values were calculated from the averaged EMG curves
of each walking session. Then, the RMS values of the Assist
On condition and Assist Off condition were compared with
the value of the Without Exo condition to compute the rates
of change for each muscle activity. Finally, the rates of change
for each muscle activity across five subjects were averaged and
analyzed statistically.

One-way analysis of variance (ANOVA) was used to com-
pare changes among different experimental conditions (in
all statistical analyses, the significant level o = 0.05), and
the least significant difference (LSD) post hoc analysis was
performed to determine which differences were significant
among conditions.

B. EMG Measurement Results

Fig. 16 presents a representative comparison of average
muscle activities of SOL (Fig. 16(c)), TA (Fig. 16(d)), MG
(Fig. 16(e)), and LG (Fig. 16(f)) over the whole stride during
downhill walking on 8 deg declination under the three condi-
tions (Trial 1). The measured muscle activities were reduced
under the Assist On condition compared with the Assist Off
condition and the Without Exo condition during the eccentric
and concentric assistance period. TA activity increased during
the swing phase under the Assist Off and Assist On conditions,
due to the system resistance introduced by the pre-tensioned
torsion spring.

To evaluate muscle activities statistically across all subjects,
Fig. 17 shows the changes of SOL muscle activities over the
assistance period and ankle motion ranges over the whole
stride (Trial 1), while Fig. 18 presents the changes of EMG
activities on all measured muscles (Trial 1).

Significant reductions were observed in EMG activities of
SOL under the Assist On condition compared with walking
Without Exo. To be specific, the reduction was 23.59% for
muscle activity RMS over the eccentric assistance period (p =
0.0005), 30.26% for peak muscle activity over the entire stride
(p = 0.0032), 27.32% for muscle activity RMS over the entire
stride (p = 0.0033), and 23.22% for muscle activity RMS over
the assistance period (p = 0.0145), respectively. Moreover, for
muscle activity RMS over the eccentric assistance period, the
reduction was 21.90%, but no significant difference was found.

Reduction trends were also observed in EMG activities of
the gastrocnemius (MG and LG) in terms of the three indexes
employed, as shown in Fig. 18. In particular, significantly
lower peak muscle activation (31.29%) was reported in the MG
(p = 0.0022). Over the whole stride, the peak activation and
muscle activity RMS of TA remained virtually unchanged. In
the assistance period, the RMS of TA activity was reduced by
13.17%. However, no significant difference was found in the
changes of TA activities. Besides, the average ankle motion
range was reduced by 7.12% under intervention without a
significant difference being found.

Fig. 19 shows a representative comparison of average mus-
cle activities over the whole stride during downhill walking
on 5 deg declination under the three conditions (Trial 2).
In this trial, similar changes were also observed across all
the investigated muscles. During the eccentric and concentric
assistance period, the measured muscle activities were reduced
compared with normal walking. In the swing phase, TA
activity increased because of the spring force.

Fig. 20 and Fig. 21 present the changes of muscle activ-
ities across all the subjects statistically (7rial 2). Significant
reductions were observed in EMG activities of SOL under the
Assist On condition compared with the Without Exo condition.
To be specific, the reduction was 23.83% for muscle activity
RMS over the eccentric assistance period (p = 0.0106),
19.29% for peak muscle activity over the entire stride (p =
0.0396), 21.30% for muscle activity RMS over the entire stride
(p = 0.0352), and 21.54% for muscle activity RMS over the
assistance period (p = 0.0495), respectively. Moreover, for
muscle activity RMS over the eccentric assistance period, the
reduction was 18.44%, but no significant difference was found.

Reduction trends were also observed in EMG activities of
the gastrocnemius (MG and LG) in terms of the three indexes
employed, as shown in Fig. 21. In particular, significantly
lower peak muscle activation (15.01%) was reported in the LG
(p = 0.0053). Over the whole stride, the peak activation and
muscle activity RMS of TA increased by 16.33% and 5.47%,
respectively. In the assistance period, the RMS of TA activity
was reduced by 7.05%. However, no significant difference was
found in the changes of TA activities. Besides, the average
ankle motion range was reduced by 2.81% under intervention
without a significant difference being found.

VII. DISCUSSION

In this study, a bio-inspired cable-driven actuation system
capable of providing anisometric contractions assistance or
nearly acting as a transparent device is presented. Comparison
with related studies in terms of actuation functionality and
implementation methods is illustrated in Table I. Compared
with existing designs, the advantages and drawbacks of the
proposed actuation are analyzed and summarized as follows.

A. Advantages of Bio-Inspired Actuation System

1) Efficient Eccentric Assistance: In the state of the art,
most powered cable-driven exoskeletons/orthoses are capable
of supplying both eccentric and concentric assistance by
actuating the driving motor actively [14, 15,28-31]. However,
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TABLE I
COMPARISON WITH RELATED STUDIES IN TERMS OF ACTUATION FUNCTIONALITY AND IMPLEMENTATION METHODS

Study Concentric Assistance

Eccentric Assistance

Transparent Mode Mode Switching

[14,15,30,31] Active motor rotation

Active motor rotation

Cable slack management Motor rotation control

[28,29] Active motor rotation Active motor rotation “Zero-torque” control Motor rotation control
[27] Active motor rotation Active motor braking - Motor rotation control
[13] Spring contraction Spring elongation Clutch disengagement Passive clutch
[20] - Controllable mechanical load - -

. Active clutch
e b diensasement (ura power source)
. . . . . . . Active clutch

This study Active motor rotation Damping tension regulation = Clutch disengagement (Motor rotation control)

TABLE II
PERFORMANCE COMPARISON WITH RELATED STUDIES FOR REDUCING SOLEUS MUSCLE ACTIVATION

Author Type Index Baseline Change of Soleus Activity

Collins et al. [13] Passive Average Without exo 22% reduction (mid-stance period)

Wang et al. [50] Quasi-passive RMS Without exo 6.8% reduction

Panizzolo et al. [51] Active Average Assist off 8.4% reduction

Ding et al. [52] Active RMS Assist off About 4% reduction

Chen et al. [30] Active RMS Without exo 24.4% reduction under single-motor assistance

Wang et al. [53] Active RMS Without exo 11.98% reduction

Durandau et al. [54] Active RMS Assist off 20.5% reduction

Tan et al. [55] Active RMS Assist off 11% reduction
o L 27.32% reduction (over stride)
heswdy fetve  RMS WHMOW®XO  2350% reduction (mid-stance period)

This study Active Average Without exo 26.42% reduction (over stride)

25.28% reduction (mid-stance period)

it is not efficient to assist eccentric contraction by commanding
the motor to rotate actively according to the human joint angle
[14,15,28-31], since plenty of extra electrical power will be
consumed in this process. In addition, although the eccentric
assistance force was passively generated by the natural ankle
dorsiflexion in [27], commanding the motor to stay at a fixed
position was also with non-ignorable electrical energy con-
sumption. Unlike these devices, following our previous works
in prostheses [42,43], a damping cable tension regulating
method was designed for the proposed actuation. Compared
with active motor braking, supplying eccentric assistance with
generator status is an energy-saving and environment-friendly
method [43]. To be specific, when cable force output was about
115 N, applying the damping tension regulating method was
capable of collecting electric power by 19.8 W, while 128.2 W
need to be consumed for active motor braking, as illustrated
in Section I'V-B.

2) Sufficient Concentric Assistance: In terms of concentric
assistance control, to the best of our knowledge, the gain-

limited closed-loop bandwidths for the systems proposed
in [31] and [30] were 19.6 Hz (with a 45 mm radius pulley and

a cable magnitude of 100 N, after feedforward optimization)
and 13.0 Hz (with a 10 mm radius pulley and a cable
magnitude of 160 N), respectively. By contrast, the gain-
limited closed-loop bandwidths for the proposed actuation
were 18.2 Hz and 12.6 Hz, with the magnitude of commanding
sinusoidal sweep force signal being 50 N and 75 N (peak
to peak 150 N, with a 43.5 mm radius pulley), respec-
tively. Although the system bandwidths were slightly lower
than them [30, 31], it is still sufficient for human movement
assistance. To be specific, for the harmonic movement of
the human, the highest frequency is below 6 Hz [8]. And
for bipedal walking with normal speeds (0.8-1.2 m/s), the
movement frequency of the human lower limb only ranges
from 1.0 Hz to 1.5 Hz [45]. Besides, due to the motor status
switching delay between passive mode and active mode (about
10 ms), the actual assistive level in level-ground walking
experiments is slightly lower than the commanded level, as
shown in Fig. 13 and Fig. 15(d).

3) Reliable System Transparency: The transparency of the
proposed actuation is achieved by decoupling the pulley with
the driving motor and thus is not affected by the back-
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drivability of the motor with reduction. After clutch disen-
gagement, the remaining human-robot interaction force mainly
generated by the torsion spring is utilized to keep the cable in
tension. And the transparency of the system entirely depends
on the pre-tensioned level of the torsion spring. Although com-
plete system transparency could be achieved by cable slack
management [14,15,30,31], pushing the cable out to slack
during the non-assistive phase will lead to cable derailment
from the pulley due to the transmission friction. Furthermore,
the derailment may cause the cable to jam between the pulley
and the case, resulting in unexpected system failure [32].
Keeping the cable in tension is meaningful to avoid cable
derailment and make the transmission more compliant [38].
Moreover, the torsion spring is capable of cooperating with the
motor to supply assistance force in assistive modes. Although
the spring force acts as system resistance in some phases
of the human motion cycle, the elastic energy converted
from the kinetic energy of the human will be released to
aid the human in other phases eventually, except the energy
dissipation caused by the system friction, according to the
conservation of energy. Besides, compared with the “zero-
torque” control [28,29], the system transparency achieved
in this way did not worsen with the frequency of human
harmonic movement increasing [33,34], as demonstrated in
Subsection C of Section IV.

4) Simpler Mode Switching: For the mode switches be-
tween assistive modes and transparent mode, the switching
process of the proposed actuation mainly depends on a
unidirectional mechanical clutch, which is controlled by the
driving motor in common with cable slack management and
“zero-torque” control. To the best of our knowledge, there
is no clutch being employed to accomplish the foregoing
mode switches in powered cable-driven exoskeletons/orthoses
without rigid structures. Compared with the conventional de-
coupling method utilized in rigid exoskeletons, i.e. employing
electro-mechanical/magnetic clutch [35-37], the proposed ac-
tuation is very compact and does not introduce another power
source apart from the driving motor. In terms of engagement
time, the electromagnetic tooth type clutch adopted in [35]
was 37 + 2 ms, while the electromechanical friction-based
clutches employed in [36] and [37] were 36.2+2 ms and about
60 ms, respectively. The engagement time of the proposed
clutch (about 90 ms) meets the actual requirements in common
activities of human daily living, even though it is not as short
as that of conventional clutches. To be specific, the proposed
clutch was capable of coupling/decoupling the pulley with the
motor as expected during level-ground walking with 1.2 m/s,
as shown in Fig. 13. Furthermore, traditional tooth type or
friction-based clutches could also be applied to the proposed
actuation easily, without regard to system weight or power
source simplicity.

5) Effective EMG Reduction: Applying the proposed ac-
tuation system to power the ankle exoskeleton, calf muscle
activation was significantly reduced, particularly in the soleus,
as demonstrated in Section VI. The performance comparison
with related studies for reducing soleus muscle activation
is illustrated in Table II. To the best of our knowledge, in
group studies, only the ankle exoskeleton proposed in [30]

established comparable results in reducing soleus muscle
activation. It was noteworthy that the study [30] reduced
soleus muscle activation by 24.4% with the actuation output
torque of 30 Nm (under single-motor assistance), and 32.5%
with the actuation output torque of 50 Nm (under dual-motor
assistance). By contrast, employing the bio-inspired actuation
system mentioned in our study established similar soleus
muscle activation reduction by 27.32%, with only an obviously
smaller output torque of 10 Nm.

B. Limitations and Future Work

In this paper, we focus on putting forward a general
actuation design idea for most cable-driven wearable robots
supplying unidirectional assistance. A prototype design was
implemented in an efficient manner. The performance char-
acterization results verified its feasibility in supplying human
motion assistance, though some improvements and optimiza-
tions should be conducted in the future.

The limitations of this study are described as follows. For
one thing, the synergy mechanisms between the proposed
design and the human muscle were analyzed qualitatively
without quantitative evaluation being conducted, since it is
hard to measure the soleus muscle contraction force from
the triceps surae muscle group directly. Instead, surface EMG
signals from 5 healthy subjects were measured and analyzed
to address this issue. For another, the controllers employed
in walking experiments could not adapt to different walking
speeds and walking cadences after control parameter regu-
lation. Besides, in the test bench evaluations, the cable was
not covered by the outer sheath for the mounting of the in-
line load cell, thus extra frictional and damping factors may
be introduced into walking experiments after outer sheath
installation.

In further research, more subjects will be involved in the
validations, and other gaits on different terrains could be
included. Future works of this study may also include the
following directions. The torsion spring could be customized
to exactly counteract the friction generated in transmission.
Moreover, the feed-forward friction compensation model could
be adopted into the control architecture. The controllers em-
ployed in the walking experiments could be developed into
adaptive controllers. The electrical power generated during
eccentric assistance could be collected by the battery and
utilized to power the actuation.

VIII. CONCLUSION

In this paper, we proposed a bio-inspired actuation design
that can be directly applied to most cable-driven exoskeletons
providing unidirectional assistance. The actuation was capable
of supplying concentric and eccentric assistance according to
the activation status of human muscles, or nearly acting as a
transparent device when assistance is not needed. The eccen-
tric assistance was provided through damping cable tension
regulation, a more efficient way compared with actuating the
motor actively. And the system transparency was achieved by
decoupling the cable pulley with the driving motor. The mode
switches between assistive modes and the transparent mode
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fully depend on a unidirectional mechanical clutch controlled
by the driving motor. Corresponding control strategies were
designed to coordinate with the proposed mechanical design.
Both performance evaluations conducted on a test bench and
walking experiments with EMG measurement performed on
an ankle exoskeleton revealed that the proposed actuation was
capable of supplying assistance as commanded stably and
effectively and showed its application potential in existing
wearable robotic devices.
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