Hindawi

Complexity

Volume 2020, Article ID 8849427, 12 pages
https://doi.org/10.1155/2020/8849427

WILEY

Hindawi

Research Article

SIAT-WEXv2: A Wearable Exoskeleton for Reducing Lumbar
Load during Lifting Tasks

Xinyu Ji,">** Dashuai Wang,l’z’4 Pengfei Li,">* Liangsheng Zheng,l’z’4 Jianquan Sun,>*

and Xinyu Wu®">*

'Guangdong Provincial Key Lab of Robotics and Intelligent System, Shenzhen Institutes of Advanced Technology,
Chinese Academy of Sciences, Shenzhen, China

CAS Key Laboratory of Human-Machine Intelligence-Synergy Systems, Shenzhen Institutes of Advanced Technology,
Shenzhen, China

*Wuhan University of Technology, Wuhan, China

*Guangdong-Hong Kong-Macao Joint Laboratory of Human-Machine Intelligence-Synergy Systems, Shenzhen, China

Correspondence should be addressed to Xinyu Wu; xy.wu@siat.ac.cn
Received 7 August 2020; Revised 6 September 2020; Accepted 17 September 2020; Published 28 November 2020
Academic Editor: Zhile Yang

Copyright © 2020 Xinyu Ji et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Lumbar Exoskeleton, as an important instance of wearable exoskeleton, has broad application prospects in logistics, construction,
and other industries. Specifically, in the working scenarios that require long-term and repeated bending and rising movements,
active lumbar exoskeleton (ALE) can provide effective protection and flexible assistance to wear’s waist muscles and bones, which
will significantly reduce the risk of lumbar muscle strain. How to improve the human-machine coupling and enhance the
assistance performance are the main challenges for ALE’s development. Based on the biomechanical analysis of the movement of
lifting heavy objects from bottom up, this paper proposes a lightweight but powerful ALE, named as SIAT-WEXv2, which can
output maximum assistive force of 28 N. Additionally, we use robust fuzzy adaptive algorithm to improve SIAT-WEXv2’s
antidisturbance ability, so that it can provide continuous and supple assistance for wearer. Electromyography (EMG) signals of the
lumbar erector spinae (LES) from ten subjects in two experimental cases (with or without STAT-WEXv2) were collected to
evaluate the effectiveness of our new ALE. The experimental results indicate that the reduction of iEMG signal at LES decreased
monotonically from 60% + 5.5% to 40.5% + 6.5% as the weight of lifting load increased from 0 to 25kg.

1. Introduction

Musculoskeletal diseases are the most common diseases in
many industrial countries, for example, China, India, and
America. They have a major impact on the quality of
workers’ life and the loss of company’s productivity. The
proportion of workers with lumbar problems in the logistics,
construction, and medical rehabilitation industries is 84%,
75%, 75%, and 67%, respectively [1]. This problem has
become a social hazard. To solve this problem, many so-
lutions have been proposed. Among them, the research of
the lumbar exoskeleton is worthy of attention [2].
According to statistics, when wearers were using ALE,
the lumbar spine muscle activity can be reduced by up to

30% [3]. In order to improve its force-assisted performance,
many universities and research institutions are developing
lighter and more powerful lumbar exoskeletons. Due to the
different driving components of the exoskeleton, it can be
divided into two types: passive and active [2].

Varieties of passive exoskeletons have been developed,
for instance, PLAD [4-6], WMRD (7], BNDR [8], VT/Lower
[9], SPEXOR [10], Laevo [11], and BackX [12]. PLAD uses
elastic bands to reduce the muscle load of the vertical spine
when lifting. It reduces spinal muscle activity (including the
average amount of muscle activity in the chest and lumbar)
during flexion (37%), squat (38%), and freestyle (37%)
weightlifting. WMRD uses helical springs. With the device,
back muscles demonstrated a 54% reduction in muscle
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activity. BNDR uses torsion springs to reduce the lumbar
load and does not increase the load on the hips, knees, and
ankles. When wearing the device in a bent posture, the
compression and shear forces at the L5-S1 level were re-
duced by 13% and 12%, respectively. The internal load of the
leg joints is reduced by 10% to 31%. V'T/Lower uses carbon
fiber as an energy storage material, and its energy feedback is
much higher than that of a gas spring. Using this device, the
peak and average activity of the back muscles during
symmetrical weightlifting were reduced by 31.5% and 29.3%,
respectively. SPEXOR uses both coil springs and flexible
beams to provide power. After wearing the exoskeleton, the
metabolic cost was reduced by 18%, and the muscle activity
was reduced by 16%. Both Laevo (weight: 2.8 kg) and BackX
(weight: 3.3 kg) use gas springs to provide lumbar support to
users. These passive exoskeletons are not only lightweight
but also provide force to reduce lumbar muscle fatigue.

However, these passive exoskeletons cannot provide
enough power, so the reduction in muscle activity is
limited. To solve this problem, researchers began to develop
active lumbar exoskeletons. For example, H-WEX v1 [13],
H-WEX v2 [14], lower back exoskeleton [15], MRLift [16],
muscle suit [17], ATOUN MODEL Y [18], ROBO-MATE
[19], and SIAT-WEXvl [20]. H-WEXv1 uses only one
actuator to assist the worker for lifting tasks. And, activities
of major muscles related to lumbar motions were reduced
by 10% to 30%. H-WEXv2 (weight: 5.5kg) utilizes SEA-
based wire-driven mechanism to achieve system perfor-
mances, which can perform delicate force control. The
muscle intensity of erector spinae and gluteus maximus was
reduced by 40.7% and 41.1% in stooping posture and 33.0%
and 41.6% in semisquatting posture. The lower back exo-
skeleton also uses SEA. However, this device uses two SEA
units, which can provide greater force/torque compared
with H-WEXv2. Then, it takes advantage of SEA’s me-
chanical flexibility, so that its clutch can automatically
release the torque between the exoskeleton and the user.
MRLIft utilizes a smart fluid in combination with a
compression spring to produce a unique energy store-and-
release functionality. It reduces 40% of the activities of LES
muscles. Muscle Suit (weight: 8 kg) uses artificial muscles as
actuators to help users lift and maintain a maximum load of
35kg. ATOUN MODEL'Y (weight: 4.5 kg) uses two electric
actuators providing the maximum assistive force of 25N.
Robo-Mate (weight: 11.604kg) uses elastic actuators to
provide lumbar support, and its structure allows it to have a
larger range of motion. Therefore, the basic carrying ac-
tivities of the wearer are not restricted. SIAT-WEXv1 uses
two brushless motors with harmonic drive gears to provide
power and a clutch to reduce unnecessary power con-
sumption. Active exoskeleton can provide greater assis-
tance, but compared with passive exoskeleton, its weight is
larger as shown in Figure 1.

Achieving the goal of lighter weight and greater assis-
tance, we designed a lightweight active lumbar exoskeleton.
It reduces the lumbar spine muscle activity during handling
tasks, thereby reducing the risk of lumbar musculoskeletal
disease (MSD). Compared with SIAT-WEXvl [20], we
designed an ergonomic lumbar support backrest that can
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transfer the load from the back to the hip joint. In addition,
we used a quasi-direct drive to control the motion of each
hip joint for assisting the hip joint to bend and extend. To
increase the flexibility of the exoskeleton, the sensor in-
formation is obtained to recognize human movement and
perform corresponding assistive tasks. SIAT-WEXv2 tracks
the movement of the wearer smoothly; we designed a robust
tuzzy adaptive control algorithm. In order to be portable, the
exoskeleton weighs only 4.9 kg.

The remainder of this paper is structured as follows:
Section 2 explains the biomechanical analysis of human
lifting tasks. Section 3 introduces the system design of SIAT-
WEZXv2. Subsequently, experimental procedures are pro-
vided in Section 4. The results and discussion are presented
in Section 5. Lastly, in Section 6, we give a concise
conclusion.

2. Biomechanical Analysis

Lifting actions include bending, squatting, grasping, rising,
and walking. The design of ALE needs to consider the factors
of the lifting motion. By analysing the kinematics and static
characteristics of lifting, it can provide a theoretical basis for
the design of the structure and control system. Because the
mechanism of the lifting motion is very complex, researchers
usually simplify the lifting model into a kinematic model and
a dynamic model, as shown as Figure 2.

2.1. Kinematics Analysis of Lifting. For studying the force
distribution of the lumbar spine, we established and analysed
the kinematics model of lifting. Since the deformation of the
lumbar spine is very small during movement, it is assumed
that the lumbar spine is a nondeformable rigid body.

The lifting task can be divided into two stages: bending
over and getting up. From the sagittal plane, when a person
bends downward, the hip joint of the lumbar rotates
clockwise, causing the lumbar spine to bend toward the
pelvis; when standing, the hip joint of the lumbar rotates
counter clockwise, causing the bones and lumbar spine to
extend in the opposite direction of the pelvis. Therefore, the
hip joint is set as the centre of motion for bending and
getting up, and it is set as the centre of relative motion for the
upper and lower limbs. In order to find the relationship
between force and lifting process, a kinematics model was
established on the sagittal plane, as shown in Figure 2(a).

Mechanical modelling of lumbar vertebrae joints, be-
cause the five-segment lumbar vertebrae joints are com-
posed of a single structure, is extremely complicated and
even impossible to solve. The motion of the lumbar joints is a
joint motion, which can be simplified and approximated to a
linear structure. Since the lumbar vertebrae can be flexed
and extended, it is necessary to refine the analysis of the
linear structure. By analysing the mechanical model of
lifting, it is known that the L5-S1 joint which connects the
lumbar vertebra L5 and the sacrum S1 is the farthest from
the centre of gravity of the object. During users bending or
lifting, the distance between the lumbar spine and the object
is getting larger and larger, and the torque on the lumbar
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FiGure 1: Comparison chart for maximum assistive forces with respect to weights of several lumbar exoskeletons.
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FIGURE 2: (a) Kinematics modelling of lifting. The green circles represent joints, all the red represent the centre of gravity of the limb, the five
red triangles represent the L;-Ls lumbar vertebrae of the users from left to right, D; represents the centre of mass of the limb, m; represents
the mass of limb, ; represents the length of the limb, and 0; indicates an angle between limbs; (b) simplified mechanical model of lifting.
Since the model (a) is too complicated, we simplify it to analyse its dynamic properties.

spine is increasing. So, the L5-S1 joint receives the largest  2.2. Mechanical Analysis of Lifting. In Figure 4, the overall
moment. When the joint moment or muscle tension exceeds ~ mechanical structure of SIAT-WEXv2 consists of back
the limit that the L5-S1 joint can bear, the lumbar will be ~ bandages, a lumbar support backrest, hip joints, leg con-
greatly damaged by the gravity of the object. nections, and adjustable mechanisms



It is assumed that the force of the mechanical model is
symmetrical in the sagittal plane. The analysis shows that, at
a certain moment, the various bones and joints of the users’
limbs maintain static equilibrium. It can be solved by the
force balance equation and moment balance equation. The
following analysis is based on the biomechanical model of
lifting, as shown in Figure 2(b).

The gravity of box is

G, =myxg, (1)

where m; is the mass of the box and g is the gravity.
The gravity of upper body torso is

GZ = Mygtal X 9> (2)

where M4y is the mass of upper body torso.
Instant moments generated by weights and upper body
are as follows:

MInstant = Gl xb+ Gz X a, (3)

where a is the horizontal distance from the centre of mass of

the upper limb to the L5-S1 joint and b is the horizontal

distance from the centre of the box to the lumbar joint L5-S1.
Muscle torque of the users’ back is

M F X ¢, (4)

muscle — % muscle

where c is the distance from the lumbar muscle to the lumbar
joint L5-S1.

The analysis result shows that the moment of the lumbar
joint L5-81 is 0 N-m:

Z M= Mmuscle + MInstant' (5)

Muscle tension can be calculated:

Mmuscle — MInstant _ (Gl xb+ G2 X a)

quscle = c c c (6)
Pressure force of L5-S1 joint can also be calculated:
Fpress = Greosa+ Gy cosa + Fryyge- (7)

Analysing the mechanics model of lifting and the basic
dimensions of the users’ limbs, it can be seen that the length
of d is greater than c, so the load pressure on the L5-S1 joint
will be much greater than the total gravity of the upper
body and the object. As a result, it damages the lumbar
joints easily.

3. Exoskeleton System Design

3.1. Design Theory Analysis. When the ALE is working, the
driving elements provide power to pull up the users’ torso
through the connection structure of the back and the legs,
so that the users’ legs and upper limb are kept upright. In
the process of getting up, the ALE transmits the pressure
on the shoulders to the legs, as shown as Figure 3(a).
Therefore, comparing without ALE, the stress on the
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lumbar is reduced. Moreover, from the Figure 3(b), we use
the dynamic model of lifting to analyse the theory of ALE
[19].

The force generated by the muscles of spinal can be
calculated without ALE:

Fydy = gWrdysin(0) + gWo | dpsin(0) +d; sin(0+g)],
(8)
Re=Fp+g(Wy + Wp)cos(6). (9)

ALE provides power to assist with handling tasks. From
Figure 3(b), the following formula is the force/torque bal-
ance formula when adding the assistive force:

. 2xd dr .
FRIH _ FM _ FPullTT+ gWXdl Sll’l(e), (10)
M M

RO = PP 104+ g(Wp + W, + Wy)cos (6). (11)

The model paraments are defined, and the mass of the
object is 20 kg, from Section 2 [19]. Comparing the results by
computing equations (8)—(11), the force provided by the
muscles of the lumbar spine when wearing an exoskeleton is
half of that of wearing nothing.

3.2. Overall Mechanical Structure. In Figure 4, the overall
mechanical structure of SIAT-WEXv2 consists of back
bandages, a lumbar support backrest, hip joints, leg con-
nections, and adjustable mechanisms.

The back strap can ensure close contact between the
lumbar support module and the users’ limb and minimize
the drift or movement of suit components. The lumbar
support backrest includes lumbar support, hip frame, ad-
justment plate, hip pad, lumbar pad, and other structures.
Among them, the lumbar support and the hip frame are
designed as hollow titanium alloy tubes, which can ensure
the strength of the lumbar support while reducing weight.
The hip joint includes binding parts, flanges, brushless
torque motors, and other structures. The brushless torque
motor (model) is coaxially connected with the flange
through the motor output shaft. The motor housing is fixed
on the motor bracket, and the upper slot of the motor fixing
seat is used for connecting the hip frame. The left side
extension of the hollow shaft is fixedly connected with the
flange, the lower groove of the flange is used for fixing the
connecting plate, and the connecting plate can be connected
with the leg hinge plate. The leg connection adopts a hinge
structure. The two ends of the hinge are, respectively, a hinge
plate and a leg connecting plate. The middle is realized by the
hinge shaft to rotate freely. The hinge plate is fixed on the
connecting plate. The leg connecting plate is designed with a
strap buckle. The two ends of the binding buckle are, re-
spectively, connected with two binding belts, and the
binding belt is connected by the buckle, which can be quickly
put on or removed. Footpads are provided where the straps
are in contact with the users’ thighs. The leg pads increase the
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FIGURE 3: (a) Schematic diagram of the principle of exoskeleton assistance. (b) Mechanical model of exoskeleton assistance. The orientation
angle of the torso with respect to the direction of gravity, defined as zero corresponding to upright positions and positive for forward
bending; 6 is the angle of users’ lumbar motion; Fy; is the contraction force developed by the spinal muscles; R¢ is the compression on the
lumbar disc, represented by joint reaction force along the torso; Wyand Wy, are the masses of the torso and the external load, respectively;
Wy is the mass of ALE; d, is the distance between the rotation joint and the line of action of the muscles; dis the distance of the centre of
mass of the torso from the rotational joint; d; is the constant distance of the centre of mass of the load from that of the torso; F,, represents

assistive force.
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FIGURE 4: (a) The overall mechanical structure of STAT-WEXv2: (i) structure model of hip joints; (ii) structure model of lumbar support
backrest; (iii) structure model of leg connections. (b) Prototype of SIAT-WEXv2.

contact area between the exoskeleton and the leg skin and
can effectively reduce the compressive stress.

Improving the comfort of wearing SIAT-WEXv2, the
straps on the chest and legs can be adjusted through the
buckle. In addition, there are adjustment holes on the leg
connecting plate, so the wearer can find the best comfortable
position by adjusting the straps and leg pads as he needs.

3.3. Hip Joint Module. The SIAT-WEXv2 has two hip joints.
Each hip joint includes a flange, connector, and quasi-direct
drive motor as shown in Figure 5(a).

The motor flange is connected to the leg connecting
plate, which is a part with high-strength requirements in the
exoskeleton structure. It needs to be analysed. The con-
nection between the flange and the leg is selected as a fixed
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FIGURE 5: (a) Mechanical design of hip joint: (i) quasi-direct drive motor, (ii) connecting element from lumbar support backrest to hip joint,
(iii) motor flange, and (iv) connecting element from hip to thigh. (b) The FEA result of total deformation of flat.
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FIGURE 6: The embedded electronics system of SIAT-WEXv2. IMU, system control board, and motor control boards are installed in the
lumbar support backrest; IMU and encoders are used to record the angle information of lumbar and legs, respectively; battery pack, voltage
converter, and power management module can provide stable energy for the system.

constraint surface, and a torque of 60 N-m is applied to the
centre surface of the flange’s central axis. The results are
shown in Figure 5(b). The maximum total deformation of
the exoskeleton is 0.2338 mm.

3.4. Embedded Electronics. The electrical hardware system
of STAT-WEXv2 is shown as Figure 6. It consists of an
actuator unit, motor driver, system control board, and
expansion module. Each actuator unit has a brushless
motor and a magnetic encoder (AS5047P, repeating 16384
pulses). The motor driver (odrive 3.4) can record the angle,

angular velocity, and current information of the actuator
in real-time. The OLED module is used for human-
computer interaction and integrated into the exoskeleton
controller. The expansion module includes IMU and
battery pack.

3.5. Dynamic Model Analysis. Obtaining the exoskeleton
dynamic system characteristics and then accurately con-
trolling the motion of exoskeleton, the human-exoskeleton
coupling dynamics model is established by the
Euler-Lagrange method [21] as shown in Figure 7:
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FiGUure 7: The users’ upper limbs, arms, and hands are simplified.
With reference to Figure 2, point O is selected as the origin to establish
an x,-y, Cartesian coordinate system; m, is the mass of the upper
limbs and exoskeleton; /; is the length of the exoskeleton; m, is the
mass of the arm; [, is the length of the arm; m; is the mass of the box.

d (9B oF ov_ 1
dt\o6,) 06, 06, "

The relative position from link i—1 to link i is represented
by transformation matrix:

cb; —s0; 0 iy
) sOca; | cOca; | —sa,_, —sa;,_d;
i-1 i~Pi-1 ivYi-1 i—1 i-1%%1
Ir= , (13)
sO;sa;_, cOca;y coyy  capd;
0 0 0 1

And, the transformation matrix of relative position from
link i to link 0 is

0 O~ 172 N-1
Or=9riTiT . NUT (14)

The centroid position vectors of exoskeleton and users’
torso and users’ upper limb and object are

e
?T; =|rs |
L 0
[lic,+1,(cp —¢y)
2? =|lLis;—r,(s1 =) |» (15)
L 0
[licp +1,(c; —¢,)
273’ =[lis; —L(s;—s,) |-
L 0

The angle vectors of exoskeleton and users’ torso and
users’ upper limb and object are

0
%6 =0 |
Lo,
S0
6= o | (16)
L6, + 6, ]
S0
6= o
L6, + 6, ]

The Jacobian matrixes of exoskeleton and users’ torso
and users’ upper limb and object are

[—ry5; 0
9P, 9P
op |95 90| _
]Vl‘[ael aez] na 0
L 0 o

[ =151 =781 138,
0] - %% -
V27106, 06,

Liey—rye; 165 |

0 0

[=lysy = Lsy —bys,

P, oP
OJV :[& b] =| ey —hLe Le |

2~ | 96, 96,
) 0
(17)
00
Cl]wl=[£121 0]={0o0}
10
0 01

“J,, =2 &2Z,]=]0 0],
[1 1]
0 01

C3]w3:[51z1 &2, =[0 0]

(1 1]

If the elasticity between the components and the motion

pair is not taken into account, the total kinetic energy T'and

the potential energy V of the entire mechanism are
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R
V=Yl mgP, (19)

In order to facilitate calculation, the formula (18) is
reduced to the following formula:

1. .
T=2x8 xMxd, (20)
The mass matrix of system M is

0,T 0 C. ;T C. C.
M = Z(mi Xy, X Ty + T, X e, X ’]wi). (21)
i

Bringing formulae (19) and (20) into Lagrange’s dynamic
equation (22),

T,

[ T, ] ~ I:(mlrf +1 55+ mz(lf + r%) + m3(lf + lg) +2(mylyry + m3lllzcl)) 0][91]

—(mzr%—I2 +mls I, +(mzllr2+m3lllz)cl) 0

Complexity

d foT)\ o ov _ (22)
dt\gn) o6 o0~ "
al:i(lx'eTxMxé):Mé, (23)
20 20\2
d /oT .
4 <£> _ MD+ MO, (24)

éTxaﬂXG
or 1 00,
or 1 (25)
6 2 HTxa—Mxe

96,

Represent formula (22) above in/as the following matrix
form:

6,

[0 —(mzrg — L+ myl — Iy + myly7, + m3lllzc1) 6,
+_0 m2r§+12+m3l§+13 :|[92] (26)
. 0 (myry + msly)lys, ] |:01 ] . [ =2(myliry + mslily)s; 0O ] [6162:|

| —(myry + myly)ls, 0 0, 2(mylyry + myliL)s, 0[] 6,0,
N [ (myry +myly +msly)ge, + (myry +msly)ge(6) - 6,) ]

L (mygry +msgly)c (6, - 6,)

During the process of lifting heavy objects, the objects
are always vertically downwards and the geometry is
0, =0, + (n/2).

Substituting into the above formula (26), we get

[T] =[m1rf+11+mzlf+m3lf+4(12+l3)][él] 27)

7
+[(my gry + mygly + msgly)cos 6, ].

3.6. Control Strategy. To improve the versatility of exo-
skeleton system, the control strategy could be considered.
Without considering friction and other disturbances, the
dynamic equation of ALE can be described by

H(q)d +C(g,9)q+G(q) =T, (28)

where g is the joint angle, H(g) is the inertia matrix of the
human-exoskeleton system, C(g,q) is the centripetal force
and Coriolis force, G(g) is the moment formed by gravity, T

is the torque or force applied to each joint, and g, is the
desired angle of the intended movement.

The weight uncertainty of the object and the wearer
affects the stability of the exoskeleton system. A new control
method uses a fuzzy adaptive algorithm to reduce the in-
fluence of the above two factors on the system. Then, a fuzzy
compensator is used to approximate these two interference
terms. Based on this, fuzzy adaptive control through model-
based control algorithms can be defined as [22]

D(q)g +C(q,9)q+G(q)+e(q,4,t) =T, (29)
D(q)=D(m,q), C(q:9) = C(m4.4), G(q) = G (m,,q),
(30)

e(q,q,t)=ep[D(q)g] +ec[G(q)]

=D (myq)4—D(mygq)q+G(my,q) -G (my.q),
(31)
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where m, is the nominal value which is known, m, is the
actual value of the model, ey, is the error of inertial force, and
eg is the error of model gravity:

F(q,4) =ep[D(q)g] +eg[G(q)]. (32)

The uncertain elements of system of lumbar exoskeleton
include the variation of workload and the mass of the system.
Considering those reasons, the function F is used to rep-
resent the uncertain part of the system. The fuzzy adaptive
control equation is determined and is defined as

1=D(q)§ +C(q,9)4+G(q) +F(q.4 1) -Kps.  (33)
The adaptive law is defined as
0 =-T""s¢(q.G)- (34)

Using the above definition, we can introduce the Lya-
punov function:

V() = % <5TD5 +0" ré). (35)

Then, we compute the time derivative of V and substitute
equation (35) into, we can obtain

V(t) = —s" (Dd, + Cj, + G) + ®'Td. (36)

For simplifying the function of time derivative of V,
tuzzy approximation error is defined as

Equation (36) is substituted into equation (35), and the
final function of time derivative of V is

. _ T T ~T ~ ~T 2 .
V(t)=-sKps—sw+0 TO-s0 &(q,q) (38)

_ T T
=-s Kps—s w.

According to LaSalle invariance principle, s—0 when
V =0,s = 0, and t—00. Then, the convergence rate of the
system depends on Kp. Due to V>0, V >0, and V bounded,
® bounded, but @ is not necessarily converged to 0. In that
case, eliminating approximation errors, a robust adaptive
law is designed as

1=D(q)g+C(qqq+G(q) +I:~'(q,ij|®)—KDs

(39)
— Wsgn (s),
where W is obtained as
W = diag[w], w> [w] +]w’]. (40)

The global stability proof of the algorithm has a detailed
derivation process in the literature [23]. The block diagram
of the control is shown in Figure 8.

4. Experiment

4.1. Participants. Ten subjects participated in this study, and
their physical information is listed in Table 1. Before the trial,
these volunteers read the experimental protocol and signed a
consent form. The test was conducted in accordance with the
Research Ethics Procedures of the Shenzhen Institute of
Advanced Technology.

4.2. Testing Equipment and Surface Electromyography.
The Surface EMG Sensor (SX230) of Biometrics Ltd
(Sampling rate: 500Hz) is an active sensor with the
amplifier’s input impedance over 10,000,00 M Ohms,
pairing it with the data acquisition product the DataLOG
(MWX8). SX230 can obtain and display surface EMG data
accurately, as shown Figure 9(a). In our experiment, we
only measure the LES at the level of L3 vertebrae with an
interval of 4 cm; the position of EMG sensors is shown in
Figure 9(b); the reference electrode was placed on the
elbow joint, as shown Figure 9(c). Before the EMG
electrodes were fixed at the above positions, the skin was
cleaned with an alcohol cotton ball. After electrodes have
attached to the skin, we wrapped a circle of the medical
belt for improving the accuracy of EMG data.

4.3. Testing Procedures. Before starting each test, we adjusted
the back bandage, thigh bandage, and adjustable mecha-
nism. Second, we verified the DataLOG connection. Then,
the subject was asked to lift the box. As the experiment
progresses, the load will be gradually increased from 0 kg to
25kg by 5kg at equal weight intervals. Each volunteer
wearing or not wearing an exoskeleton lifted 6 levels of
weights per round, and there was a 15-minute pause be-
tween two weightlifting tasks to ensure that the volunteers’
LES muscles were fully rested. Figure 10 shows the test
process.

5. Results and Discussion

After filtering the EMG signal with a band-pass filter
(bandwidth of 20-460Hz) and a band-stop filter (elimi-
nating power frequency noise), we calculated the integrated
EMG (iEMG) value during lifting and we defined the as-
sistance efficiency of the exoskeleton using the following
formula:

I
E=1--£ 41
T (41)

where I and I are iEMG when the subjects lift the loads
with/without SIAT-WEXv2.

According to the initial statistical analysis, there is no
significant difference between the EMG signals of the left
and right muscles. Therefore, the EMG data of the left and
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TaBLE 1: The statistical data of subject’s personal information.

Medium Minimum Maximum
Height (cm) 170 160 184
Weight (kg) 67 60 80
Age (years) 30 22 45

(a) (c)

FIGURE 9: Testing equipment and testing lumbar position. (a) The surface EMG sensor (SX230) of Biometrics Ltd; (b) the position of EMG
sensors; (c) the reference electrode position.

FiGure 10: The process of a wearer lifting.
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TasLE 2: Comparison of the reduction of the three kinds of exo-
skeleton myoelectric activity.

Exoskeleton Lumbar erector spinae (%)
APO [24] 30

H-WEXv2 [14] 40.7-41.1
SIAT-WEXv2 48

right muscles will be merged, and then iEMG will be
taken. From Figure 11(a), the difference of iEMG during
lifting with/without SIAT-WEXv2 is obviously seen.
Figure 11(b) shows the reduction of iEMG signal de-
creased monotonically from 60% + 5.5% to 40.5% + 6.5%.
Especially, during users lifting 25 kg loads, the reduction
rate of iIEMG signal can maintain 40.5% + 6.5%. Thereby,
SIAT-WEXV2 can reduce the incidence of low back pain
and lumbar muscle strain caused by repeated and long-
term weightlifting.

It can be seen from the Table 2, when the user wears
SIAT-WEXv2 to carry 15kg objects, their lumbar muscle
activity is reduced the most among three ALEs. This shows
that SIAT-WEXv2 has a better assistive effect.

In the developed ALEs, SIAT-WEXv2 has a lighter
mechanical structure, smooth power assistance, and
greater power assistance value. First of all, we not only
optimized the mechanical structure but also reduced its
total weight to 4.98kg. In addition, it obtains real-time
angle information through the IMU and motor encoder,
and the robust fuzzy adaptive control algorithm allows the
actuator to follow the user’s motion trajectory smoothly.
Finally, experimental results show that SIAT-WEXv2 can
reduce the muscle fatigue of the lumbar spinae during
users’ lifting.

The exoskeleton proposed in this study has two limi-
tations. First, SIAT-WEXv2 follows the trajectory of the
wearer’s movement to provide assistance, without fully
considering the human-computer interaction. In this regard,
new control strategies should be considered to improve their
adaptability. Then, our experiment is limited to the labo-
ratory. In industrial applications, material handling workers

conduct experimental tests. According to the experimental
results, the next step is to collect data according to different
application scenarios for multiscene recognition research.
Ultimately, SIAT-WEXv2 can be applied to more fields,
especially in daily life.

6. Conclusions

This work introduced a new ALE, SIAT-WEXv2, featuring
with simple structure, light weight, and prominent
assistive capacity based on ergonomics design concept
and biomechanical analysis method. In terms of control
algorithms, we used a robust fuzzy adaptive control al-
gorithm to make the actuator follow the wearer’s move-
ment smoothly which means the output assistive force can
dynamically match the changes of lifting load and the
differences of gravity centre position of wearer’s upper
body. We carried out rigorous tests to evaluate the per-
formance SIAT-WEXv2 by measuring the reduction of
iEMG signal of LES. When lifting different loads with
weight ranging from 0-25kg, the reduction of iEMG
signal decreased monotonically from 60%+5.5% to
40.5% + 6.5%. Therefore, SIAT-WEXv2 would be a good
solution to reduce the risk of waist injuries during the
heavy object lifting task.
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