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Abstract: An innovative wearable upper-limb power-assist exoskeleton system (UPES) was designed
for laborers to improve work efficiency and reduce the risk of musculoskeletal disorders. This
novel wearable UPES consists of four joints, each comprising a single actuated pneumatic muscle
actuator (PMA) and a torsion spring module driven via a steel cable. Unlike most single-joint
applications, where dual-PMAs are driven by antagonism, this design aims to combine a torsion
spring module with a single-PMA via a steel cable for a 1-degree of freedom (1-DOF) joint controlled
by a proportional-pressure regulator. The proposed four driving degrees of freedom wearable UPES
is suitable for power assistance in work and characterizes a simple structure, safety, and compliance
with the motion of an upper limb. However, due to the hysteresis, time-varying characteristics of
the PMA, and non-linear movement between joint flexion and extension, the model parameters
are difficult to identify accurately, resulting in unmeasurable uncertainties and disturbances of the
wearable UPES. To address this issue, we propose an improved proxy-based sliding mode controller
integrated with a linear extended state observer (IPSMC-LESO) to achieve accurate power-assisted
control for the upper limb and ensure safe interaction between the UPES and the wearer. This control
method can slow the underdamped dynamic recovery motion to tend the target trajectory without
overshoots from large tracking errors that result in actuator saturation, and without deteriorating the
power assist effect during regular operation. The experimental results show that IPSMC-LESO can
effectively control a 4-DOF wearable UPES, observe the unknown states and total disturbance online
of the system, and adapt to the external environment and load changes to improve system control
performance. The results prove that the joint torsion spring module combining the single-PMA
can reduce the number of PMAs and proportional-pressure regulators by half and obtain a control
response similar to that of the dual-PMA structure.

Keywords: pneumatic muscle actuator; upper-limb exoskeleton system; torsion spring; proxy-based
sliding mode controller; linear extended state observer

1. Introduction

In recent years, work-related injuries have been increasingly noticed, especially when
performing high-intensity and repetitive work through the arms, often causing fatigue and
physical injuries. Disorders of the bones, muscles, and spine caused by work tasks are
known as work-related musculoskeletal disorders (WMSD). Laborers most likely suffer
from WMSD due to long working hours and intensive manual work. According to the
2021 United Kingdom Health and Safety Executive survey, WMSD accounted for 28% of
all work-related illnesses in Great Britain from 2020 to 2021 [1]. Of those affected, 84%
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had pain in the upper limbs and back. WMSD affects tendons, muscles, and joints in all
body parts [2]. In 2021, about 84% of work-related illnesses in Taiwan had WMSD [3].
The upper limbs are more prone to WMSD than the rest of the body due to the handling
and lifting of laborers. Therefore, wearable upper-limb power-assist exoskeleton systems
(UPES) were designed to reduce the risk of WMSD, and they can appropriately reduce
pressure and fatigue in the user’s arm to reduce the probability of injury. Such a type of
UPES assists the upper limb support weight using a passive or active type of power source.
UPESs are electromechanical systems worn by individuals that can be used to assist the
load support capabilities of the upper limbs. Laborers can wear them when working to
reduce the burden on their bodies.

The early UPESs were mostly motor-driven, with a heavy structure, high price, and
lack of flexibility. The pneumatic muscle actuators (PMAs), with characteristics similar to
those of biological muscles, have the merits of a higher power-to-weight ratio, better flexi-
bility, and lower cost than motors. PMAs are also known as McKibben pneumatic artificial
muscles. They consist of a flexible, economical, and safe actuator in which application range
is pervasive [4-6]. The PMA structure is covered with a woven mesh-like high-strength
fiber material, while the elastic rubber tube is on the inside, fixed by metal pieces at the
upper and lower ends. After the PMA is inflated and deformed, the rubber elasticity
generates internal stress and forms radial expansion. The fixing element seals and transmits
the force. The axial direction generates contraction force due to the elasticity of the rubber.
The expansion and contraction tension of the PMA is similar to that of an animal muscle [7].
Abe et al. utilized thin McKibben muscles and intertwined them into a flexible 18-woven
structure to design new upper limb assistive clothing driven by PMAs [8]. Its characteristics
were the same as McKibben’s pneumatic artificial muscles, but its special braided structure
increased the PMA contraction. However, the special construction made the auxiliary
suit only applications in low-load environments. Ohta et al. [9] proposed a 7-degrees of
freedom (7-DOF) exoskeleton system with PMAs and a servo motor composite design. This
system needed to be equipped with a variety of sensors, and the overall mechanical system
design was too complicated for practical application. Tsagarakis et al. [10] used PMAs to
drive a unilateral UPES’s shoulder, elbow, and wrist joints through antagonism, but in
this driving mode, the three joints had to use six sets of PMAs and proportional-pressure
valves. Therefore, the burden on the wearer was heavy, and the production cost was high.
Chen et al. [11] used four PMAs to drive the four joints of the UPES. The design used a
single-PMA per the corresponding joint. This system mounted all of the PMAs to the rear
frame, giving the UPES completeness, although, in this driving method, the shoulder joint
could only be restored to its original position by the weight of the hand. Therefore, each
PMA had to add a series spring to store the restoring torque [12] so that the shoulder joint
could return to its original position. Such a design is bound to increase the overall structural
space. Sugar et al. developed a wearable UPES RUPERT [13], which used dual-PMAs
to actuate a single joint through antagonism as its driving motion method to complete
active-assisted motion with four degrees of freedom. Wei et al. improved RUPERT IV [14],
a wearable UPES with 5-DOF, increased the rotational degrees of freedom of the shoulder,
and proposed a closed-loop control based on PID and an iterative learning controller (ILC).
RUPERT 1V also used dual-PMAs to actuate a single joint through antagonism to complete
the upper limb assistance with five degrees of freedom. Its PMAs, placed next to the upper
limbs, were a complex structure weighing as much as 95 kg, so it needed to double the
overall drive torque and limit the wearer’s movement space.

Furthermore, with good control accuracy, the control of wearable UPES also needs to
focus on wearer compliance and safety. The wearer may feel unsafe if there is a transient
overshoot or vibration during the trajectory tracking response. Therefore, the controller
of the wearable UPES needs to have overdamped features to increase the antivibration
capability and avert accidents. There are some differences among wearers, such as height
and weight. The controller design needs to adapt to these differences and overcome the
uncertainty of wearable UPES. Chen et al. [15] used force-and-torque sensor feedback to
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control a UPES. However, this control method could not overcome external disturbances
and model uncertainty, so it could not simultaneously ensure the control accuracy and
the wearer’s safety. Generally, to ensure the control accuracy, a large controller’s gain is
often set; the high-gain control may cause a large overshoot. When the controller’s gain
is small, it exhibits a slow overdamped characteristic that cannot ensure a fast response.
Sliding mode control (SMC) can keep the system state on the sliding surface and converge
to the equilibrium point within a limited time [16,17]. However, the chattering problem
during convergence can degrade the safety performance. To ensure the accuracy and safety
of the controlled system, Ryo et al. [18] first proposed a proxy-based sliding mode control
(PSMC) that combined the properties of PID and SMC to ensure continuous closed-loop
dynamic characteristic. This was an improved PID and has been applied in the non-linear
control field by many researchers due to the simple architecture [19-21]. PSMC is widely
used in soft robotics because it ensures safety and motion precision [22-27]. Although
PSMC has been well used in various control systems, the stability analysis is still not
well addressed. Under the assumption that the system state is measurable and external
disturbances are bounded, Zhao et al. [28] proposed an extended PSMC to solve the stability
issue of the original PSMC through the Lyapunov stability theorem. However, the practical
applications of wearable UPES, with several differences among users, cannot obtain all the
states and disturbances of the system in real-time. Therefore, an effective application of
extended PSMC to wearable UPESs is challenging. To address the difficulty in measuring
the system state and external disturbance, Han [29] proposed an Extended State Observer
(ESO) that could simultaneously estimate all states and total disturbances of the system.
However, ESO has too many parameters, which leads to difficulties in the setting. To solve
the complex problem of ESO parameter adjustment, Guo et al. [30-32] proposed a Linear
Extended State Observer (LESO) based on high-gain ESO and the concept of bandwidth
parameterization methods, which greatly reduced the number of adjustable parameters. In
this study, the UPES belongs to the human-machine coupling system and cannot obtain all
the states and external total disturbances of the system. LESO can simultaneously estimate
all system states and total disturbances; hence, it is ideal for wearable UPES controller
designs. To this end, this study integrated an improved PSMC with a LESO to achieve
accurate control for upper-limb power assistance and to ensure safe interaction between
the UPES and the wearer.

To evaluate the power assist effect of the wearable UPES, Toxiri et al. [33] used EMG
to detect the strength of arm muscle contractions. Surface Electromyography (sEMG) is an
effective and quantifiable method of detection. Rossini et al. [34] measured the sSEMG of
several cross-shoulder muscles. The effect of the passive shoulder exoskeleton in reducing
shoulder muscle stress was evaluated by normalizing sEMG signals. Ugurlu et al. [35]
measured the sEMG signals of the biceps and triceps. They used the Root Mean Square
to evaluate whether the designed UPES can effectively reduce the force of the upper-limb
muscles. Yan et al. [36] verified its effectiveness by observing the integrated EMG signal
(iEMG) of the biceps and triceps when lifting heavy objects with or without an upper-limb
assist device. The above studies thus indicate that the SEMG evaluation method is a simple
and effective verification method.

This study proposed a novel wearable UPES with four drive joints and 4-DOEF. Each
joint drive mechanism consists of a single-PMA and a torsion spring driven via a steel
cable. Compared with the traditional UPES using PMAs [10], in this study, only half of the
PMAs and proportional-pressure regulators were used. At the same time, the structure
using torsion springs in this study also solves [11] the problem of the joint that cannot
be restored to its original position and improves [12] the problem of increased overall
structural space due to the series springs. In addition to the simpler, more direct, and lower-
cost driving mechanism, the wearable UPES proposed in this study could simultaneously
set the assisted value of five different modes. Different gestures could be used for mode
switching through the action recognition of the wearer’s lower arm sEMG signal. This
study adopted an IPSMC-LESO in terms of the controller. This method maintains high-
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precision force tracking control under normal circumstances. When the system produced
large errors, it could be controlled with overdamps to achieve the effect of the compliant
operation.

The remainder of this article is as follows. Section 2 describes the mechanism design
of the proposed wearable UPES. Section 3 details the system dynamics model. Section 4
describes the design and stability analysis of IPSMC-LESO. Section 5 presents the experi-
mental results conducted to verify the feasibility of the designed wearable UPES. Finally,
Section 6 illustrates the conclusions of this article.

2. Mechanism Design of Upper-Limb Exoskeleton Power Assist System

To help reduce the risk of WMSD in labor works or increase productivity, it is nec-
essary to design an assistive device that is convenient to operate, low cost, lightweight,
safe, and easy to wear. Unlike the mechanism designs used in soft robotics in most PMAs,
dual-PMAs were used to drive a joint with a pulley. The design of the dual-PMA antago-
nistic mechanism widely used in the joint drive of soft robots has a bulky overall structure,
and the manufacturing cost is relatively high [27]. Therefore, this study aimed to design
an innovative wearable UPES for laborers to support their upper limb’s auxiliary force
while performing repetitive weight lifting tasks. The drive joint of the present design
mainly combines a torsion spring module with the single-PMA via a steel cable and is con-
trolled by a proportional-pressure regulator. The design of the torsion spring module with
a single-PMA can replace the design of dual-PMAs with a pulley module. The matching
design of the torsion spring module and the PMA can achieve the same driving effect of
the joint as the dual-PMA mechanism with the appropriate control strategy. The design of
a single-PMA-driven structure can reduce the number of PMAs and proportional-pressure
regulators in half, thereby reducing overall volume, weight, and manufacturing costs. The
design of the wearable UPES must conform to the motion of the human arm and match the
anatomy as closely as possible. However, detailed designs will lead to bulky and complex
exoskeleton structures. As shown in Figure 1, this paper proposes a wearable UPES with
4-DOFs according to the required function, mainly including flexion and extension of the
shoulder joints and elbow joints on both sides of the arm. Figure 2 displays a photograph
of the wearable UPES; its material is mainly aluminum alloy with lightweight and low
cost. It consists of two 310 mm (shoulder joint) and two 400 mm (elbow joint) PMAs (the
maximum contraction rate is 25% of the length) with four sets of joint rotating pulleys
(radius 30 mm) and torsion spring structures. The design dimensions of the upper arm,
forearm, and shoulder mechanism were calculated considering the proportional relation-
ship of various human body parts [37], and the telescopic mechanism design was used to
adapt to the different sizes of human arms. Each joint comprises a torsion spring module
with a single-PMA and is mounted with a high-resolution absolute-type encoder for joint
rotation angle monitoring during power assistance.

Free rotation

Shoulder joint
module

Torsion
spring

Torsion
spring
- PMA
Elbow joint liy (Elbow joint)
module

PMA
(Shoulder joint)

Figure 1. Computer-aided design model of the wearable UPES.
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Figure 2. Photograph of the upper-limb exoskeleton power assist system.

Figure 3 shows the unilateral wearable UPES layout with a structure similar to that
of human upper limbs. We took advantage of the inflation and deflation of the PMA to
simulate the motion of flexion of the bones to enable the joint to rotate. The unilateral
wearable UPES consists of two joint rotation modules that serve to assist in the rotation
of the shoulder and elbow joints. A torsion spring is embedded in each joint for energy
storage and replaces the mechanism design of using dual-PMAs with a pulley, as shown
in Figure 4. When the assist power force is not activated, there is a torsion spring with
a preload angle in the pulley at one end of the wire. The joint can move freely and return to
its original position due to the torsion spring. When the assistance power is activated, the
pressure is supplied to the PMA through the proportional-pressure regulator. The PMA
contracts under pressure, and the pulley is driven to rotate to flex and extend the joints.
The wearable UPES has two air source input modes. The first is to supply air directly
through the air compressor. The second is configuring a small air tank in the wearable
UPES to provide the air pressure source and can be used four times in one filling. The
parameters of the torsion spring used in wearable UPES are shown in Table 1. The load
cells were installed at the end of the PMAs to measure the provided assist force of the PMA.
The measurement signal of the load cell was amplified and transmitted to the embedded
system through the analog channel and was compared with the power assist trajectory for
feedback control. In the experiment, the amplifier amplifies the measurement signal of the
load cell and transmits it to the embedded system through the analog channel to compare
and calculate the control error with the set power assist target. The control algorithm can
calculate the control voltage of the proportional-pressure regulator based on the control
error, which adjusts the pressure to drive the PMA and achieve the assist force closed-loop
control of the PMA. Table 2 shows the hardware specifications of the wearable UPES. The
system controller adopts the embedded system (myRIO-1900, National Instruments). The
measurement and control algorithms required for the experiments are mainly developed in
the LabVIEW environment. We used the wearable UPES, as shown in Figure 2, to verify
the feasibility of the proposed mechanism and the performance of the controller.

Table 1. The parameters of the torsion spring used in wearable UPES.

Parameters Value Unit

Center diameter 30.7 mm

Wire diameter 3.5 mm
Installation angle -17 degree
Working angle 90 degree
Free angle 110 degree
Working torque 3927 N-mm
Installation torque 741.7 N-mm

Number of laps 6.2 loop
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Figure 4. The joint structure diagram of the torsion spring module.

Table 2. The component specifications of the upper-limb exoskeleton power assist system.

Component

Brand Model Specifications

Pneumatic muscle
Actuator (shoulder joint)

Pneumatic muscle
Actuator (elbow joint)

Proportional-pressure regulator
Signal amplifier
Load cell
Absolute rotary encoder

Surface EMG bracelet

Embedded controller

Allowable pressure: 0-6 bar
FESTO DMSP-20-310N-RM-CM Length: 310 mm
Diameter: 20 mm
Allowable pressure: 0-6 bar
FESTO DMSP-20-400N-RM-CM Length: 400 mm
Diameter: 20 mm
Output pressure: 0~6 bar
FESTO VPPM-6L-L-1-G18-0L6H-VIN-S1 Input voltage: 0~10 V
Supply voltage: 24 VDC
Amplified output: 0-10 V
Supply voltage: 24 VDC
Rated output: 1 mV/V
JIHSENSE MLT-100 Allowable load: 100 kg
Maximum input voltage: 7.5 V
Maximum output frequency: 750 kHz

JIHSENSE JS-101

Kiibler 8.2470.1212.G121 Supply voltage: 5 VDC
Thalmic Labs Myo-Armband Resolution: 8 bit
y Sampling frequency: 200 Hz
Analog input: 10 channels
National Instruments myRIO-1900 Analog output: 6 channels

RAM: 256 MB
Supply voltage: 6-16 VDC

3. System Dynamics Model

The wearable UPES design only assists the shoulder and elbow joints” flexion and
extension degrees of freedom. The others are passive degrees of freedom and only follow
the wearer’s movement. The dynamic model of a one-sided wearable UPES is shown
in Figure 5; m; and mj; are the masses of the upper arm and forearm, L; and L; are the
distances from the shoulder joint and the elbow joint to the center of mass, m, is the mass
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of the load, and Ly, is the distance from the center of mass of the load to the endpoint of
the mechanism. The dynamics model of the one-sided wearable UPES is derived using the
Lagrange method, and the function is defined as the total energy of the mechanical system.
This total energy is the sum of kinetic energy, K, and potential energy, U:

L=U+K. 1)

Figure 5. The dynamic model of one-sided wearable UPES.

For a single manipulator with two degrees of freedom, the formula for calculating the
kinetic energy, K, is:

{ K1 = %mlleélz + %11912 (2)

Ky = %msvs2 + %Is(él + 92)2 '

where I; is the moment of inertia of the upper arm relative to its center of mass, I is the
moment of inertia of the forearm and the load relative to their common center of mass, 6 is
the flexion and extension angle of the shoulder joint, 6, is the flexion and extension angle of
the elbow joint, Vs is the common speed of the forearm and the load, and 1 is the common
mass of the forearm and the load. When L. is defined as the distance between the elbow
joint and the common center of mass, then:

myLy 4+ my (az + Ly)

L. = . 3
¢ my +my, ©)

The coordinates and velocity of the endpoint of the one-sided wearable UPES can be
expressed as:

Xs = a151 + Lcslz
Ys = —a1c1 — Lecra _
X5 = ayc101 + Lecip (61 4 62) 4)
v, = ﬂ1§191 erLcS12(91 +6>)
Vs2 = xs + ys
where s; = sin;, ¢; = cos 6, s;; = sin(6; + 0;), ¢;j = cos(6; + ;).
The potential energy of the one-sided wearable UPES is expressed as:
U = mygLicy + msg(ajcy + Lecqp). @)

Substitute Equations (2)—(5) into Equation (1):
L(6y,6,) = K1 + Ko + U. (6)

Equation (7) is the partial differentiation of L(61, 6 ) to the state variables 6, 65, 91, 92,
respectively, and they are expressed as:
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gTLl = —miglisy — msg(ﬂlsl + Lcslz)
aaTLz = —(msa1Lcsy)01 — (msagLes2)01602 — msgLlesin ,
a‘% = [mL3 + I + mg(a? + L2 + 2a1Lccy) + |61 + (msagLecy + mgL2 + 1) 6, @)
1 . .
2 = (msmyLecy +msL2 + 1) 61 + (msLZ + 15)62
2

T
(%]

[m1L2 + Iy + mg (a3 + L2 4 2a1Lccy) + Is]  (msagLecy + msL2 + 1) } 61

Differentiating with respect to time for oL/ 301 and 9L/d65, respectively, we can
be obtained:

d oL 2 2, 12 i
o {mlLl I+ s (a1 vI2 4 2a1LCc2) + 15]91
+ (msachcz + msL2 + Is>§2 — (2msayLesy)016y — (msayLesy )63 . 8)
d oL .. . ..
Eaiez = (msachcz + mst + Is>91 + (TVZSLE + 15)92 — (msalLCsz)f)l()z

The dynamics equation (Lagrange equation) of the one-sided wearable UPES is:
L L

where T; is the generalized moment acting on the ith coordinate, 6; is the generalized
coordinate of kinetic energy and potential energy, and 0; is the corresponding velocity.
Substitute Equations (7) and (8) into Equation (9) to obtain the dynamics equation of the
one-sided wearable UPES:

(msayLecy + msL2 + I5) (msL% + L) b,
.2
0 —mgaq Leso 0, —2msaqLcsy N [ (10)
msaq Lesy 0 :| [ 92 + 0 [6162]
mygLlisy + msg(a151 + L¢s12) ]
msgLesip

The relationship between the moment applied to the joints, the pulling forces of the
PMA, and the torques of the torsion springs are:

T+ T =F X Ry

, 11

{T2+Tet:F2XR2 ( )

where T and Te are the torques of the torsion springs at the shoulder and elbow; F; and
F, are the pulling forces of the PMAs on the shoulder joint and the elbow joint; Ry and R,
are the pulley radius of the shoulder and elbow.

The relationship between the output (contraction) force, Fpp14, of the PMA and the
pressure difference (P — P,) was derived from [38]:

2_ 12
Fowa = (P~ ) 2 L 12)
where P is the absolute pressure in the PMA cavity, P, is atmospheric pressure, L is the
length of the PMA, [ is the length of a single fiber, n is the number of winding turns of
a single fiber, and A = (3L? — [?)/47tn? is the equivalent active area of the PMA. The
contraction force, Fpy14, of the PMA is achieved by controlling the absolute pressure, P,
in the PMA cavity through the proportional-pressure regulator. In a single PMA system,

the dynamic characteristics of the proportional-pressure regulator are described by the
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second-order differential equation [39]. The relationship between the input voltage and
output pressure is:
P Kywn

— = 13
u 24 28wys + w? 13

where K, is the gain of the proportional-pressure regulator, wj, is the natural frequency,
u is the input voltage, and ¢ is the damping ratio. On substituting Equation (13) into
Equation (12), the mathematical model of the PMA is obtained:

Kyw 31212
F = r — P | ———. 14
PMA (52 + 28wys + w? " e) 47tn? (14)

Conversion of Equation (14) from the frequency domain to the time domain can lead to
the relationship between the input voltage and the output force of a single PMA system as:

47n?

) = K o BT

(FPMA + 2CwnFpma + W%FPMA) + %Pe~ (15)

The proportional-pressure regulator provides pressure to the PMA, which is measured
by the load cell. This tension causes the single-PMA-driven joint to generate respective
torques relative to the pulley block at the joint. Only a single-PMA-driven joint is ana-
lyzed because the shoulder joint is driven similarly to the elbow joint. Let Fppia = T/R,
Fppma = T/R, Fppa = T/R; substitute them into Equation (15) and add the torsion
spring torque, d(t). Then, the mathematical model of the single-PMA-driven joint can be
expressed as:

. ,  wWAR(3L2-1I?) s KywyR(3L2 — %)

T = —28wnT — w,T — e u(t) +d(t). (16)

47tn? 47tn?

Define the states as (x1,x2) = (7, T), and the state equation of a single-PMA-driven
joint can be expressed as:

{ 2 Z;C‘z(x 1)+ b(x, u(t) +d(t) (17)

where f(x,t) = —2Ewnx; — w?xy — [W3R(3L* — 12)]P, /47tn? is the nonlinear dynamics of
the single-PMA-driven joint, b(x, t) = [K,w,R(3L? — I?)]/47tn? is the gain parameter, and
u(t) is the control signal of the proportional-pressure regulator.

4. Controller Design

With its advantages of easy implementation, accurate tracking, and safe recovery when
the system is under external disturbances, PSMC has been successfully applied in various
fields, especially in soft robotics. However, the stability of the original PSMC is not well
addressed [40]. Furthermore, most previous works assumed that all states of the system
are measurable and focused on demonstrating that the closed-loop dynamics are passive to
compensate for the presence of disturbances [28]. To this end, this study used IPSMC-LESO
to address the inability to measure all system states, load changes, and the interference
effects of different wearers, making it difficult to control the power assist of wearable
UPES. LESO can simultaneously estimate all system states and total disturbances (i.e.,
extended state) in real-time; it treats non-linearity, uncertainty, and various disturbances
as an extended state [41]. This methodology simplifies the proof of the stability of the
dynamic system and simplifies the derivation. This section presents the design procedure
and stability analysis of the IPSMC-LESO for the wearable UPES's single-PMA-driven joint.

4.1. Design of Linear Extended State Observer

The IPSMC is a sliding-mode-like controller for application to second-order sys-
tems [40]. To estimate the total disturbance of a single-PMA-driven joint in real-time, we
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choose f(x,t) + ((b(x,t)) — bo)u(t) + d(t) = F as the extended state of Equation (17) and
derived the following relation by definingx = [t, 7, F] T [x1, x2, x3] T ¢ R3 as the
extended state vector.

5(1 = X7
X = x3 + bou (18)
5(3 = w

where by is the nominal value of b(x,t), and x3 = w is the rate of change of the total
disturbance.

Assumption 1 ([42]). The unknown total disturbance, F, is continuously differentiable for the
system (18), and the inequality of |w| < n is satisfied, where 1 > 0.

Based on Equation (18), the LESO of the wearable UPES’s single-PMA driven joint is
designed as below [27]:

=

1= %2 — p1(%1 —x1)
= X3 — 132(55'1 — X1) + bou (19)
3= —Ps(%1 —x1)

=D D>
)

A
. . ~ 1T .
where x = [xl, %o, X3] represents the observed state vector and ; (i = 1,2, 3) are the
tunable observer parameters. Defining that:

X =%H-x
fz = 922 — X2 (20)
f3 = 55’3 — X3.

Taking the derivative of Equation (20) with respect to time, and substituting Equations

(18) and (19), the dynamic equations of estimating error between LESO and system states
can be summarized below:

9:71 =X — B1xq
Xy = X3 — oy (21)
5Cv3 = —‘Bzfl —w.

Presenting Equation (21) in the matrix form yields:

X = Ax, + B,w (22)

1 1 0]
whereA, = |-, 0 1|,x=[% % %],B,=[0 0 —1]".
—B3 0 0

Theorem 1: Assuming that w in the estimating error equations is bounded, for which H; > 0
such that |w| < Hj, then there exists Hy > 0 such that tlim
— 00

LESO, which makes the estimating error bounded. Furthermore, the upper limit of the estimating
error decreases progressively while eigenvalues of LESO increase [27].

Xr

) < H,, that is, there exists

Proof. In the first place, selecting positive eigenvalues of A;, 0 < A; < )\j (i,j =1,2,3). Hence:

3
Mg — A, =T (A+ ). (23)
i=1
In this situation, A, is a nonsingular matrix such that there exists a nonsingular matrix,

L, yielding:
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eMt 0 0
At=1L| 0 e 0 (L7 (24)
0 0 e
For any positive value t > 0, taking the ||-||,, norm form gives:
eMt 0 0
HEA” < IILHOOHL*1 H 0 e 0 — pe it (25)
* “IL o 0 e

where p = ||L||,,||[L7!||., and p is a constant when A; (i = 1,2, 3) are determined from A,.
Solving Equation (22), gives:

X(t) = eAx(0) + /0 t A DB w(T)dr. (26)

From definitions of the vector norm, ||-||,, and matrix norm, ||-||,,, the following
relationship can be obtained:
I r—
= t _
< Valler| x|+ Jy v3[|er | iBrlliw ) dx @)
It - 3vH —
< \/§pHx(0)H26 ME %(1 —e~Mb).

From Equation (27), the estimating error of LESO when ¢ — oo will converge to:

X

< V3pH;

li
im ||| N

t—o0

= Ha. (28)

From Equation (28), the final estimating error is bound, and its upper limit decreases
progressively while the eigenvalues of LESO increase. In this study, the same eigenvalue
was chosen, A; = w, (i = 1,2,3), where w, is the observer bandwidth. Therefore, the
observer bandwidth, w,, becomes the only adjusting parameter of the LESO, thereby
reducing the parameter-adjusting effort [43]. O

4.2. Improved Proxy-Based Sliding Mode Controller Integrated with Linear Extended
State Observer

The principle of the proposed IPSMC-LESO is illustrated in Figure 6. The actual
controlled object of the IPSMC is connected to a virtual object, called a proxy, utilizing
a proportional derivative (PD)-type virtual coupling (a PD controller). Therefore, the
PD controller generates the interaction force, fpp, between the actuator and the proxy.
Meanwhile, the proxy is also controlled by an SMC with LESO, which imposes the force,
fsmc, to track the desired power assist target. As shown in Figure 6, x, and x, are the
proxy’s position and velocity, and x,, x4, and x,; are the desired position, velocity, and
acceleration, respectively. Before designing the IPSMC-LESO, we first defined the two
sliding surfaces, as below:

{ Sp :xd—j'cp—l—)\n(xd—xp) 29)
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Figure 6. The principle of the IPSMC-LESO for shoulder joint and elbow joint.

The SMC with LESO used to control the virtual proxy is defined as:

fEME = asgn(sy) —kp(xp — %) + mpmia + mpmAn(¥q — Xp)

—ka(ip — 2q) + g [~ F +kp(xp — 29) + Ka(tp — %), (30)
where sgn(-) is the signum function, £; is an estimate of the actual output of the controlled
object, mpy, denotes the proxy mass, and ¢ > 0 and A, > 0 are designed control gains.

For the real controlled object to approach the proxy object, the force generated by the PD
controller is:

1 A ~ . A . A .
fPD _ 5 {—F +kp(xp — %g) +ka(xp — 25) + Au(xg — £4) + xd} (31)

where P is the control force acting on the controlled object by IPSMC-LESO, F is the
total disturbance of the single-PMA-driven joint estimated by the LESO, and k;, and k; are
designed positive gains of the PD controller. Considering the proxy presented in Figure 6,
according to Newton’s second law of motion, the equation of action can be given by:

mpmkp — fSMC_ fPD (32)

When the controller is implemented directly using Equations (30) and (31), the move-
ment of the virtual proxy mass must be simulated in software. In practical applications,
Kikuuwe et al. [18] implemented them by setting the proxy mass in Equation (32) to zero.
As a result, substituting Equations (30) and (31) into Equation (32) gives:

MpmXp = osgn(sp) — kp(xp — £g) + MpmXg + MpmAn(Xg — Xp) — kg(xp — 5?,7). (33)
Equation (33) can be expressed as:

. 1 ;
= {‘ngn(llj) kp(xp — 2q) + kd’?q}f (34)

ka(xq— fq)*’{d/\n(xd xXp)+kp(xp—1%4)

where ¢ = . Substituting Equation (34) into Equation (31),
the IPSMC-LESO can be apphed to the single-PMA-driven joint as:

11 . o
fipsmc—reso = f7P = by [—F + An(xg — %9) + X4 + ‘ngn(lﬁ)} (35)

where fipspc—r1Eso is the actual output force of the IPSMC-LESO. The IPSMC-LESO can
be viewed as an alternative to the SMC and an extension of PD control. The main benefits
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are that small tracking errors can be remedied by the well-tuned PD controller (determined
by control gains k, and k). Large tracking errors can be rapidly recovered from the SMC
using the control parameter . Therefore, IPSMC-LESO enables accurate tracking and safe
interaction. The IPSMC-LESO control block diagram of the single-PMA-driven joint is
shown in Figure 7.

—> X

o<

sensor |«

Figure 7. Control block diagram of IPSMC-LESO.

4.3. Stability Analysis

Lyapunov stability theory was used to analyze the stability of IPSMC-LESO in wear-
able UPES control. We chose the following Lyapunov candidate function as:

1 1 1 .
V = Simpmsy + 557+ 5 (kp + kaAn) (xp = £)°. (36)

Differentiating both sides of Equation (36) for time and substituting Equations (29)
and (33) into V, the derivation of the Lyapunov candidate function is obtained as:

V = spmpm[¥g — Xp + An (g — Xp)] + 54 [%4 — % + An(xg — 2g)] + (kp +kgrn) (xp — £9) (Xp — 24)

spl—0sgn(sp) + kp(xp — 29) + ka(xp — 2q)] + 59 [5a — Fg — Xg + Aa (kg — %)+

kp (xp = %) (3p — 2q) + KaAn(xp — %) (3p — 29)

= sy[—osgn(sp) + kp.(xp — %q) +ka(xp — %4)] + 5 [x4 — F — bou — 5c;q + An(xy — 52,7)]+
kp(xp — %) (xp — %) + kadn(xp — %) (xp — %4)

(37)

= sp[—osgn(sp) +kp(xp — 2q) +ka(xp — 2)] + 5[ =F + F = X — kp(x — £g) = ka(xp — %g)]+
kp(xp — %4)(xp — %4) +kgAu(xp — £9) (Xp — %)
= —0sp| = kpAu(xp — %9)* = ka(p — 2)” < 0.

From Equations (36) and (37), we know the Lyapunov candidate function, V > and
V < 0. A, is a nonsingular matrix with positive eigenvalues, and the total distur-

bance, F, is bounded (based on Assumption 1), therefore, the observer states ;< — X as
t — co. Thence, the stability of the single-PMA-driven joint around the equilibrium point
xe = [5p(0),84(0), xp(0) — x4(0)] = 0 under the compensation of IPSMC-LESO is demon-
strated in Lyapunov’s method.

5. Experimental and Discussions

To verify the power assistance effect of the designed wearable UPES, control experi-
ments were performed. For the single-PMA-driven joint controller design for a wearable
UPES, the power assist force must be slow and smooth to ensure comfortable and safe
interaction between the device and the user. In the experiment, the fifth-order polynomial
function was used to plan the power assist trajectory to avoid excessive oscillation of
the transient response caused by the saturation of the control voltage due to the signifi-

cant error. The initial (i.e., xd"’“(t = 0), and J'édom(t = 0)) and final (i.e., J'Cdom(t = tf),
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and X dme(t = tf)) were all zero. The fifth-degree trajectory equation was designed as

follows [44]:

xél’orce(t) _ h{lo(;})cﬁ — 15(4)4+6<ttf)5:|, 0<t< tf’ (38)
h b=ty

where £ is the target of power assist, ¢ is the time required to reach the target of the power

assist, x dmg(t) denotes the power assist trajectory, and ¢t is the running time. In this study;,
the sampling frequency was set at 200 Hz.

5.1. Power Assist Control Experiment

First, no-load tests were performed to ensure the safety and compliance of wearing the
UPES under IPSMC-LESO compensation. Then, power-assisted experiments were carried
out by taking the foundry fields as an example to verify whether the wearable UPES can
provide the wearer with an effective, stable, and flexible human-machine interaction under
the closed-loop control. The no-load test experiment adopts the fifth-order polynomial
function Equation (38) as the power assist trajectory, where t; = 10. The parameters of
IPSMC-LESO for power assist control are mentioned in Table 3. Figures 8 and 9 show
the experimental results of power assist control of 140 N and 260 N for the shoulder and
elbow joint under no-load conditions, respectively. Table 4 shows the total performance
of the wearable UPES under IPSMC-LESO compensation at no-load. From Table 4, we
can see that the maximum absolute error of the shoulder joint was within 3.2 N, and the
root mean square error was within 0.8 N; the maximum absolute error of the elbow joint
was within 4.9 N, and the root mean square error was within 1.6 N. These experimental
results show that the wearable UPES can achieve an excellent power assists effect under
the compensation of IPSMC-LESO.

Table 3. The parameters of IPSMC-LESO for power assist control.

ky kg An o by B B2 B3
Shoulder joint 270 0.45 12 5000 1000 40 80 1600
Elbow joint 900 1.05 12 5000 1000 43 85 2400
300 — L
2401 —~
180t Pl -
S 120t A ]
= sl P —— Target - Tracking (140 N)
= : .|~ = Target ———-Tracking (260 N)

0 2 4 6 8 10 12 14 16 18 20

Error (N)

-

Control Voltage (V)
> — N~ w -
~
AY

0 2 4 6 8 10 12 14 16 18 20
Time (sec)

Figure 8. Shoulder joint power assist control with 140 N and 260 N at no load. (a) Output tracking
response; (b) Control error; (¢) Proportional-pressure regulator control voltage.
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Figure 9. Elbow joint power assist control with 140 N and 260 N at no load. (a) Output tracking
response; (b) Control error; (c) Proportional-pressure regulator control voltage.

Table 4. Performance of the wearable UPES under IPSMC-LESO compensation at no-load.

Weight (N) Max. Absolute Error (N) Root Mean Square Error (N)

14 24 71
Shoulder flexion 0 > 0

260 3.12 0.78

Elbow flexion 140 4.87 1.58

260 4.56 1.18

After the no-load test results were confirmed, the following load experiments were
performed for the needs of different power assisting targets in various fields. For example,
taking a foundry worker and applying a long tube to the end of the wrist with a weight
(approximately 4 kg). The KIM-MHO inspection method proposed in [45] was used to
evaluate the working time, force rating points, grasping conditions, arm positions, working
conditions, and working postures Each key indicator is given a different rating score
range according to its rating content and importance, and the higher the rating score, the
greater the hazard risk. A simple weighted calculation through the table and a quick
assessment indicated that the risk score of workers in the actual workplace was 45 points;
it is a high-load environment and needs improvement. The detailed scoring results are
shown in Table 5. Therefore, in this section, this situation was simulated and experiments
with different assisting targets were conducted under a 4 kg load to confirm whether
the wearable UPES can achieve a good power assisting effect under the compensation of
IPSMC-LESO. Controller parameters are the same as in Table 3. Figures 10 and 11 are the
results of the shoulder joint carrying out 140 N and 260 N power assist control experiments,
respectively, when the user wore UPES and bore a weight of 4 kg. Figures 12 and 13 are the
results of the elbow joint carrying out 140 N and 260 N power assist control experiments,
respectively, when the user wore UPES and bore a weight of 4 kg. From Table 6, the
maximum absolute error of the shoulder joint was within 2.5 N, and the root mean square
error was within 0.8 N; the maximum absolute error of the elbow joint was within 4.8 N,
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and the root mean square error was within 1.6 N. The analysis of the above-mentioned
experimental results shows that the wearable UPES can achieve an excellent power assists
effect under the compensation of IPSMC-LESO.

Table 5. KIM-MHO for Foundry Workers.

Key Indicators Score Description
Time Rating Points 3 5h
Frequency of Executing Forces 4 High Load/Hold Time: 15 s/min.
Gripping Conditions 2 Long Tube without Handle.
Arm Position and Movement 3 No Good, Endure Prolonged Static Holding with the Arm.
Work Organization 1 Loading Conditions Rarely Change.
Working Conditions 1 Restricted, Poor Environment and Ventilation.
Body Posture 4 Bad, Torso is Obviously Bent.
Total 45 Medium or High Load, Suggestions for Work Improvement.
160 ———————— P — — .
140 — N
~120f T 1 okt afly 4
Z100[ T[N W
S 80r — 1 1
S 60 Target 13 14 15
=aq0r S e Tracking (0 Kg)
w7 |- Tracking @Kg)

Error (N)

g
oW
T
L

~ —0Kg
. |m-4Ke

0 12 14 16 18 20
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n o
T
L
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= —

R

o

~

-
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Figure 10. Shoulder joint power assist control with 140 N at a 4 kg load. (a) Output tracking response;
(b) Control error; (c) Proportional-pressure regulator control voltage.

(r'a)

T p—— T T 262
240 T ol s
T ik

Zisof = il
2 258
s 1201 — Target 13 14 15
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=

a1b
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-3

w

Control Voltage (V)

S = N W s

0 2 4 6 8 10 12 14 16 18 20
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Figure 11. Shoulder joint power assist control with 260 N at a 4 kg load. (a) Output tracking response;
(b) Control error; (c) Proportional-pressure regulator control voltage.



Actuators 2022, 11, 231 17 of 24

My
-E 1 140 famy penT—
=

1 38
—— Target 13 14 15

.........Tracking (0 Kg)
- — -Tracking (4 Kg)

12 14 16 18 20

~ 3F
€15 (e,
5 0 e T
Z.15F - :
=t ¥ —0Kg
| E S S S S S S S ek .-
0 2 4 6 8 10 12 14 16 18 20
C
S 3 — ©
B T S sy P VT WU S T SO S
oo
£ 2r
S 15F
) —0K
g 057 B
S I N N SR N g
0 2 4 6 8 10 12 14 16 18 20

Time (sec)

Figure 12. Elbow joint power assist control with 140 N at a 4 kg load. (a) Output tracking response;
(b) Control; (c) Proportional-pressure regulator control voltage.
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Figure 13. Elbow joint power assist control with 260 N at a 4 kg load. (a) Output tracking response;
(b) Control; (c) Proportional-pressure regulator control voltage.

Table 6. Performance of the wearable UPES under IPSMC-LESO compensation at 4 kg load.

Weight (N) Max. Absolute Error (N)  Root Mean Square Error (N)

14 217 ]
Shoulder flexion 0 0.68
260 2.50 0.77
140 473 1.38

Elbow flexion

260 4.53 1.52
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5.2. Discontinuity Recovery Performance Test and Comparison

The ability of the controller to recover from discontinuities possibly caused by commu-
nication failures or external disturbances and interactions was examined. We established
the mutation trajectory of Equation (39) and then tested the intermittent recovery per-
formance of the shoulder and elbow joint by IPSMC-LESO and PID, respectively. The
IPSMC-LESO parameters were the same as in Table 3. The PID controller parameters are
mentioned in Table 7.

fforepy _ ] 260 {10(5)3 - 15(§)4 +6(;fﬂ, 0<t<10 )
’ 100 > 10

Table 7. PID controller parameters.

Kp K; Kp
Shoulder 0.0123 0.0019 0.0001
Elbow 0.0104 0.002 0.001

Figures 14 and 15 illustrate the most critical attributes of IP'SMC-LESQO: the slow and
smooth response to sudden changes in the desired trajectory. Clearly, there was little
chattering in the tracking trajectory when the IPSMC-LESO was used. The proposed
IPSMC-LESO performed the same as the PID when the target trajectory was continuous
and smooth, and the proposed scheme did not affect the position control performance.
However, when unforeseen events lead to a large positional discontinuity, the PID control
can produce an overshoot that can cause some oscillations, which is not conducive to system
safety. Thus, the PID cannot simultaneously obtain safety and good tracking performance.
In contrast, the proposed IPSMC-LESO injects suitable damping to recover smoothly from
the discontinuity. The IPSMC-LESO can thus be used to smooth the response of the
system to unanticipated events while still achieving outstanding tracking performance
in normal situations. Most traditional methodologies cannot do both simultaneously. In
the case of PID, for example, lowering the gains may ameliorate safety but will decrease
the performance. In theory, a high increase in the D-gain can limit joint velocity, but this
is not practically feasible due to noise in the velocity signals. Thus, the IPSMC-LESO
can guarantee the safety of the wearable UPES by canceling the overshoot during the
tracking task.

300
— Target
- or ! -~ IPSMC-LESO
% 180 .\:\ - - -PID 10y
5 1201 v 1 p
2 " 100 .\P-..,'g o
60 1y \’
o N S N S N R B Wl
0 2 4 6 8 10 12 14 16 1§ 20 1 12 13
b
60 ('.)
o 0 P Ill:ivl" a
T W
g -o0F I 1
£
<120 ——IPSMC-LESO
L H i i . i -~ PID

0 2 4 6 8 10 12 14 16 18 20

I'I fiiy
i

—IPSMC-LESO
- —PID

0 2 4 6 8 0 12 14 16 18 20
Time (sec)

Control Voltage (V)
S o= N W RN

Figure 14. The shoulder joint responds to the desired trajectory with discontinuous change.
(a) Output tracking response; (b) Control error; (c) Proportional-pressure regulator control voltage.
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Figure 15. The elbow joint responds to the desired trajectory with discontinuous change.
(a) Output tracking response; (b) Control error; (¢) Proportional-pressure regulator control voltage.

5.3. The Effect of Auxiliary Force

To test the actual power assisting effect of wearing the wearable UPES, we verified
the result by measuring the sEMG signals of the anterior deltoid and biceps brachii of
the upper limb of the wearer. This experiments used the sEMG instrument of Shimmer
Company. Four healthy men were tested in the experiment. The subjects were asked to lift
0, 2, 4, and 6 kg of bar plates with their upper limbs both with and without wearing the
wearable UPES. The number of lifts was repeated three times, and the interval between each
experiment was 1 min. The upper limb lift process is shown in Figure 16. Non-invasive
surface electrode patches and button-type electrode wires were used for measurement. The
actual patch positions, as mentioned earlier [36], were respectively attached to the anterior
deltoid and biceps brachii, as shown in Figure 17.

Figure 16. Upper limb lift procedure.
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Figure 17. Location of sSEMG patches.

To compare sEMG signals in different subjects with and without wearable UPES, a
standardization technique was used to calculate the iEMG, which helps to assess muscle
activity levels [46]. The value of iEMG is defined as the area under the curve of the rectified
sEMG signal that can be simplified and expressed as the summation of the absolute values
of the EMG amplitude [47], and the calculation formula is:

1 w
iIEMG = —) |xg, 40
w (40)

where xj is the EMG value of the kth sampling point and w is the number of sampling points.
The experiments were analyzed by sSEMG signal to verify whether it could effectively reduce
the iEMG value under the wearable UPES action. In this study, the sEMG device of the
Shimmer 3 from Shimmer Sensing Company was used to measure the sSEMG of the subjects’
arms. The sampling frequency of the Shimmer 3 is 2048 Hz. The sEMG measure data of the
four subjects were analyzed and evaluated through iEMG value. The height and weight of
the four subjects are shown in Table 8. The iEMG values of the experimental results for four
healthy men are shown in Figure 18. The results show that the iEMG of the anterior deltoid
and biceps brachii decreased when the subjects performed the load test. According to the
auxiliary benefit formula of Equation (41) [36], when the subjects wore the wearable UPES
to lift the load of 0, 2, 4, and 6 kg, the iEMG power assisting benefit of the anterior deltoid
was in the range of 33% to 44%. The iEMG power assisting benefit of the biceps brachii
was in the range of 30% to 54%. Therefore, it can be proved that the innovative wearable
UPES developed in this study can reduce the bearing force of the worker’s upper limb and
prevent the worker’s injury under the compensation of IPSMC-LESO.

Ejf=1- I‘Eix, (41)

where Irx is the EMG signals of wearing the wearable UPES, Ij;nEx is the EMG signals of
the unworn wearable UPES, and E, is the power assisting benefit.

Table 8. The height and weight of the four subjects.

Data Subject 1 Subject 2 Subject 3 Subject 4

Height (cm) 178 173 179 169
Weight (kg) 72 69 86 58
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Figure 18. iEMG compares different subjects with and without wearable UPES. (a) anterior deltoid;
(b) biceps brachii.

6. Conclusions

An innovative 4-DOF wearable UPES was developed, which provides power assis-
tance to the shoulder and elbow joints. Each joint is driven in one-way actuation by
a torsion spring module with a single-PMA via a steel cable. Compared with the tradi-
tional drive method of using dual-PMAs with a pulley for antagonistic pull, each joint can
reduce one PMA and proportional-pressure regulator. Therefore, the wearable UPES is a
straightforward design and is low cost, lightweight, portable, and safe. An IPSMC-LESO
joint controller was proposed against the time-varying characteristics of PMAs and the non-
linear movement between joint flexion and extension of wearable UPES. The experimental
results show that IPSMC-LESO can observe the unknown states and total disturbance of the
system online to effectively overcome the influence of inertia change and the non-linearity
of the single-PMA mechanism and, consequently, achieve excellent compensation effect
and safety performance. The experimental results show that IPSMC-LESO can observe the
system’s unknown states and total disturbance online and effectively overcome the influ-
ence of inertia change and the non-linearity of the single-PMA mechanism, consequently
achieving excellent compensation effect and safety performance. The iEMG analysis con-
firmed that the wearable UPES could effectively reduce the strength of muscle contraction
when the arm is raised and prevent injury to the worker’s arm. Furthermore, this study
also successfully used the EMG signal for intent recognition, allowing users to quickly
switch between different power-assist modes.

7. Patents

The pneumatic-driven robotic gait training system developed has obtained a
Taiwanese invention patent and a US invention patent. These are (1) Exoskeleton ap-
paratus driven by pneumatic artificial muscle with functions of upper limb assist and
rehabilitation training, Taiwanese patent number i584801; (2) Exoskeleton apparatus driven
by pneumatic artificial muscle with functions of upper limb assist and rehabilitation train-
ing, US patent number us 10,420,695 b2; (3) Exoskeleton apparatus driven by pneumatic
artificial muscle with functions of upper limb assist and rehabilitation training, China
patent number ZL 2017 1 0240416.4.
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