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Abstract—To prevent muscle fatigue or disorder due to
long-term or repetitive arm-lifting in scenarios that heavily
rely on manual operations, various exoskeletons have been
developed previously. However, the exoskeletons with mo-
tors suffer from heavy mass and high cost, while previous
passive exoskeletons possess poor adaptability to different
arm angles, tasks, and users. To solve this problem, we de-
signed a lightweight (3.1 kg) upper limb exoskeleton capa-
ble of providing a self-adaptable support force to the upper
limbs based on linkage mechanisms and gas springs and a
tunable maximum force (10-130 N) based on small motors
and sensors. By altering the supporting angle and distance,
the force curvature is adjustable by motors to adapt to the
load in the hands. Since the motors adjust the dimension
of the mechanical structure, instead of directly supporting
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the arms, the power consumption is low (1.85 W), and the
exoskeleton operation duration is very long (11 h) using a
3000 mAh battery. The experimental results show that the
measured surface electromyogram activities reduced up to
43.84% and 46.23% for static and dynamic tests, respec-
tively.

Index Terms—Linkage mechanism, mechanism design,
metamorphic mechanism, physically assistive devices,
wearable robots.

NOMENCLATURE
Name Specification

ETL  The equivalent torso link (waist pivot to the shoulder
joint).

EAL  The equivalent arm link (shoulder joint to the equivalent
upper arm pivot).

RL The rotary link of the exoskeleton.

VL The vertical support link of the exoskeleton.

AC The dotted line between A and C (see below).

A The joint between RL and EAL.

B The joint between VL and RL.

C The joint between VL and ETL.

D The joint between ETL and EAL.

E The joint between the gas spring and the slider on VL.

F The support force provided by the exoskeleton which is
applied to the arm (normal to ground).

Fy The friction force between RL and the slider on RL.

Fys  The force of gas spring while working.

F The spring force while working.

Fy The compression force on the compression cycle test.

G Total gravity (load) on the arm.

H The joint between the gas spring and the slider on RL.

T The adjuster.

a Length of VL.

b Length of RL.

c Length of the ETL.

d Length of the EAL.

e Distance between B and E.

€o The initial length of e.

f Max distance that the slider on RL can move from B.

foas The friction force on the gas spring.

g Length of gas spring while working.

Gm The length parameter of the gas spring.

k The spring ratio.
Egas The gas spring force coefficient.
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n Normalized parameter for variables.
x The length of AC.

Z 5o The initial length of spring.

« The angle between RL and AC.
B The angle between VL and RL.

¥ The angle between ETL and EAL.

n The angle between ETL and AC.

0 The angle between RL and gas spring (on B side).
© The supplementary angle of 6.

o The transition angle of the exoskeleton.

o The acute angle between VL and gas spring.

I The friction force coefficient of the slider on RL.

[. INTRODUCTION

LTHOUGH automation technologies boomed in the last

decades, human-robot interaction has also improved [1],
[2], [3], [4], [5], [6], manual operation still accounts for a
large proportion of the industry and is indispensable due to
the high customization and complexity of various tasks. Man-
ual processes in working scenarios, such as automobile repair
and interior decoration, usually involve arm-lifting while e.g.,
holding electric drills and forceps [7]. Lifting arms causes great
pressure on workers’ shoulders, arms, and back, leaving them
fatigued in muscles and even causing severe upper limb disorders
consequently after the long-term work [8], [9], [10]. Solutions
are highly desired to improve manufacturing efficiency and
ensure workers’ health during the arm-lifting operation [11],
[12].

The recent emerging technology of exoskeletons is a promis-
ing approach [13],[14], [15]. Inspired by insects, the exoskeleton
can provide extra power to improve the users’ performances
in strength, speed, and endurance [16], [17]. Various passive
exoskeleton structures have been developed and applied in the
industry due to their lightweight, low-cost, and long operation
period [18], [19], [20], [21], [22], [23], [24], [25]. Still, the poor
adjustability and customization of the support force limits their
applications. Although active exoskeletons can provide enough
power amplification and more accurate motion augmentation for
the users, most of the current active exoskeletons are bulky or
tethered due to the power density limitation, which is inadequate
for more extensive mobile applications [26], [27], [28], [29].

Isitpossible to combine the advantages of both active and pas-
sive exoskeletons (being long-lasting, untethered, lightweight,
self-adjustable, and low-cost)? Researchers have given us so-
lutions to make semiactive exoskeletons [30], [31], [32], [33].
However, most of them have problems, such as being heavy,
short-lasting time, minor in support force, and so on. To
solve those problems, we implement a long-lasting, untethered,
lightweight, upper limb exoskeleton by separating the force
supporting and force adjustment to combine the advantages of
passive and active exoskeletons.

In this exoskeleton, the support force is self-adjustable ac-
cording to the arm lifting angle based on the passive energy
storage mechanical structure, while the maximum support force
is tunable according to the weight of the load based on the
sensors and the small motors integrated into the exoskeleton. The
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exoskeleton developed in this work is long-lasting, untethered,
and lightweight (3.1 kg), and the force changes spontaneously
with the arm lift angle since we designed and synthesized a
passive mechanical structure for the force support. Moreover,
the maximum amplitude of the support force is automatically
changed by a motor in a range from 10 to 130 N to adapt
to the weight in hands when a radiofrequency identification
device (RFID) module recognizes the object. Since the force
for this adjustment is small, the motor is compact, and the
energy consumption (1.85 W, lasted for 11 h in our test) and
cost (135 USD) are both considerably low, which is suitable
for more extensive applications requiring long-lasting, econom-
ical, and mobile assistance devices. With this exoskeleton, the
participants’ surface electromyogram (SEMGQ) activities can be
reduced by up to 43.84% and 46.23% for static and dynamic
tests, respectively, showing its great effective assistance to the
users.

The rest of this article is organized as follows. Section II
introduces the kinematics and dynamics modeling and synthe-
sis of the mechanical structure of the exoskeleton. Section III
focuses on the parametric analysis and optimization based on
force balance models. The manufacture and assembly methods
are explained in Section IV. Then, experiments are conducted
to characterize the support force, metabolic expenditure, and
electromyogram value. Finally, Section V concludes this article.

Il. MECHANICAL SYNTHESIS AND MODELING

The shoulder has large mobility due to its complex skeletal
structure and fewer constraints [34]. A global system is usually
used to simplify the description in practical engineering stud-
ies [35]. In this article, we use this global system to describe
the shoulder joints, and it can be simplified as three rotation
Degrees of Freedom (DOFs) [36]. While the arm is moving
downward, the exoskeleton should resist the gravity force of the
arm and objects in hand while leaving the other two DOFs free.
Therefore, to avoid the misalignment of the exoskeleton support
joint and shoulder joint during movement, thereby reducing
the discomfort, we used two passive ball joints to connect the
exoskeleton support structure and the human body fixtures [37].

In our design, the classical four-bar linkage mechanism is
employed to support the load, considering its low cost, simple
structure, and lightweight [in Fig. 1(a) and (b), and Supplemen-
tary movie 1]. In this mechanism, the human upper torso and
upper arm are regarded as two adjacent links of the four-bar
linkage, and the exoskeleton as the other two links, as shown
in Fig. 2(a). We mainly need to analyze and synthesize this
mechanism for the vertical support force. The following analysis
assumes that the equivalent body links and the exoskeleton links
are all in the same 2-D vertical plane, which can be achieved with
the help of the connecting string and the suspension ball joint.

To avoid disturbance or accidents, the exoskeleton links VL
and RL (the meanings of all the parameters in this article can be
found in Nomenclature) in Fig. 2(a) are expected to be placed
outside of the angle between the links ETL and EAL, which
satisfy

a>c, b>d, a>b. @)
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Fig. 1. Overall view of the upper limb exoskeleton. (a) Photograph of

the exoskeleton. (b) Model of the exoskeleton. (c) Schematic of the RFID
recognition module. (d) Schematic of the motor. (e) Schematic of the
motor controller.

VL|,

—E- Gas spring
== Equivalent body linkage
— Exoskeleton rod

o Equivalent body joint

o Exoskeleton rod joint

o Gas spring joint
=< Suspension ball joint

(a) (b) (©

Fig. 2. Kinematic analysis for the exoskeleton mechanism. (a) Struc-
ture sketch of the four-bar linkage. Four-bar linkage supported by a gas
spring under different arm postures. (b) v = 135°. (c) v = 30°.

For the free movement of the upper arm and to ensure the
free movement of the shoulder, according to Grashof’s law, we
have

a+b>c+d, a—b<c—d. )

Based on the above-mentioned inequalities, the available values
of a and b for men and women can be obtained by linear
programming, as shown in Fig. 3(a). In the analysis, d ranges
from 170 to 230 mm since the arm fixture is set at 2/3 of the upper
arm, and the average length of the upper arm is 279-349 mm
for adult men and 252-319 mm for adult women in China
(height from 1.45-1.83 m) [38]. ¢ ranges from 400-500 mm
since the distance from the hip to the shoulder is between

Range of e (mm) e=360 mm
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—Man 430
e Select point
1000 400 &
&
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_ E350f | oS p
,500 E ;
Es00 PRS00 | o | ol
3 3001 R r“'
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0
0 500 1000 200230 300 400 500
b (mm) e (mm)
(a) (b)
Fig. 3. Linear programming for the four-bar linkage. (a) Available

ranges of a and b are shown in shaded gray areas. a = 500 mm and
b = 300 mm are selected as the length of a and b, respectively, in this
work. (b) Relationship between g and e for different 8 and f. The range
of e is the intersection of the range of all the curves in the diagram.

432-502 mm and 403.5-459.5 mm for adult men and women,
respectively [38]. Therefore, here a and b are selected as 500—
300 mm, respectively, concerning the adaptability to extended
body sizes and the compactness of the exoskeleton.

To provide a support force, we add a gas spring between the
two exoskeleton links, as shown in Fig. 2(b) and (c). The gas
spring is composed of a cylinder with compressed gas inside, and
it can provide a relatively stable resisting force while subjected
to a load. Based on the geometric diagram shown in Fig. 2(b)
and (c), we have the following relationships:

2% =a®+ b* — 2abcos B
22 =+ d* —2cdcosy
g> =e>+ f*> —2efcos B 3)
a’* = 2> + b — 2xbcosa
d* = c* + 2% — 2cxcosn

sin 0

e sinf
sinf g’

sinn :g @)

siny =

sihae a’

According to previous literature [39], the main desired range
of v to support load is from 30° to 135°. The corresponding
range of [ is from 26° (assuming ¢ = 170 mm, d = 400 mm) to
114° (assuming ¢ = 230 mm, d = 500 mm) according to (3). We
initially set the adjustable range of f [shown in Fig. 2(b) and (c)]
from 10 to 130 mm, considering the compactness. Moreover, we
primarily select a gas spring with a stroke of 180 mm (minimum
length 250 mm, maximum length 430 mm) and a nominal force
of 250 N [40] for the following analysis. Based on (3), we draw
the g — e diagramin Fig. 3(b), in which both f and /3 are variable,
represented by different colors and transparencies. To ensure that
the mechanism can work in the entire ranges of g, f, and S5, we
can select e as 360 mm.

Assuming the user is standing, ETL is vertical. According to
the torque balance, the support force at Joint A is, as shown in
Fig. 2(b) and (c)

fsiné

F = Fope———.
- hsin(a + 1)

&)
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According to (3) and (4), (5) can be transformed as

ef 1
F:Fasi
¢ bd \/e2 4 f2 —2ef cos 3

2cdcosy — 2 — d?

asin B cosvy + (acos B — b) sin~y ©

where

[ = arccos < 2ab

2 2 _ 27
a+ b —c* —d +26dcos'y>' o
Based on (6), the support force is relatively constant for different
values of ~.

Until now, the exoskeleton could provide a support force to
the user’s upper arms, but we still need the maximum force to
be tunable, and the force is self-adaptable for the arm lift angle.
For this purpose, we add a slider on the upper joint of the gas
spring (Joint H'). The position of this slider is limited by a cable,
as shown in Fig. 4(b). An adjuster can shorten the length of the
cable, and the corresponding support force on the arms reduces
according to (6).

Here, we define two modes, supporting and relaxing mode,
as shown in Fig. 4(a). When the angle ¢ is just to be smaller
than 90°, the slider at Joint H spontaneously slips to Joint B
(relaxing mode) due to the force balance, and the support force
suddenly drops to a low level, allowing the arms to rest near
its vertical posture. To reduce the impact of the sudden force
change, another slider and spring are installed on Joint E.

The relationship between the support force and variables is
calculated by force equilibrium. Spring force F applied on the
spring is

Ee = Fgas Cos o (8)

where

o = arcsin /sin . ©)
Vet + f2—2ef cos B

The force on the gas spring can be simplified as a linear function

k (g - gm) - f as upWard
F, as — £as gass 10
. {kgaS(g — gm) + foas, downward. (10)
According to Hooke’s law
Fy=k(zfo+eo—e) (11)

where ¢ is 360 mm, z yo is 100 mm. Based on (8) and (11), we
can derive the value of Fgqq

FS:fS(f753kamf07eO)' (]2)

According to lever law, we can achieve the support force I’ on
the arm

in6
F = Fp—d500 (13)
bsin(a + n)
Thus, we can calculate the support force F' as
F:*F(fvﬁvavbacadak7mf07€0)’ (14)
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Fig. 4. Force analysis for the exoskeleton. (a) Diagram of the switch
between supporting mode and relaxing mode. (b) Exoskeleton with slid-
ers. F' at Joint A represents the support force on the arm (the direction of
F is parallel to ETL, which is not shown in this figure). (c) Support force
Fin angle v = 100° for normalized parameters n [e.g., n = k / (max-
imum of k—minimum of k)]: the spring ratio k£ (3000—13 000 N/m), the
maximum distance of upper copper bushing f (0.01-0.13 m), the gas
spring force Fyas (100-300 N), the length of the ETL (c: 0.4-0.5 m), and
the length of the EAL (d: 0.18-0.23 m). If not specified, the parameters
are set as default values (f = 70 mm, Fgas = 250 N, £ = 7000 N/m, ¢
=470 mm, d = 210 mm). (d) Mutation model of force for different f (the
red dotted boxes represent the modes of f = 130 mm, kgas =—400 N/m,
gm=-1.075m, fgas = 40 N).

[ll. PARAMETER ANALYSIS AND OPTIMIZATION

In this section, we analyze the influences of the parameters in
the supporting and relaxing modes as follows.

In the supporting mode, as shown in Fig. 4(c), for a specific
arm lifting angle ~ (100°), the spring ratio k, ¢, and d influence
little on the support force, while the support force increases with
the increase of f and Fj,,. For an aimed support force, various
sets of parameters can be selected.
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When the exoskeleton switches between the two modes, the
slider spontaneously slips. The transition angle ¢, (the outside
angle between RL and the gas spring) is

o) = {2 + arctan pu, upward (15)

5 —arctan u, downward.

This angle is different for the upward and downward arm
movements since the direction of the friction force is opposite.
This difference benefits the operation since it allows more ex-
tensive ranges of supporting and relaxing modes for specific
arm-moving directions.

Therefore, with the slider on the gas spring, the exoskeleton
spontaneously transits between the relaxing mode and support-
ing mode according to the angle of the arm, as shown in Fig. 4(d).
Besides, the support force in the supporting mode can be tuned
by adjusting the max supporting distance f of the gas spring.
For people with different body sizes, changing from supporting
to relaxing mode happens at different arm-lifting angles. The
smaller the user’s height, the larger the arm-lifting angle when
the transition occurs. Therefore, considering the actual working
space for supporting mode, this exoskeleton is suitable for
people with a height range from 1.6 to 1.83 m (supplementary
movie 2 shows subjects with different heights (1.64, 1.74, and
1.83 m) wearing our exoskeletons, it worked well, and subjects
did not feel particularly uncomfortable).

IV. MANUFACTURE AND ASSEMBLY

As shown in Fig. 1, the whole exoskeleton is symmetric for
the middle vertical line. In the left/right half section of the
exoskeleton, the main supporting links (corresponding to VL
and RL in the model) were made by two carbon fiber tubes
(T300, ® 20 mm * 16 mm) connected by a normal joint. The
horizontal tube was connected to a textile arm fixture through a
suspension ball joint to support the upper arm. Protective shells
were added to it to prevent mechanical damage to the users. The
vertical tube was installed on the reinforced waist belt by a ball
joint. A gas spring (250-430 mm, 250 N) connected the middle
of the two carbon fiber tubes with graphite copper bushings ($
30 mm * 20 mm). The brushings can move freely on the tubes
to work as sliders. Cables limit the brushing on the horizontal
tube, and the length of the cables can be adjusted by a motor
(CHIHAI MOTOR, CHF-GW12T-N20 VA ABHL, 0.6 W) to
change the curvature of the support force. The replaceable pads
on the inner side of the arm fixture and waist belt were made
of soft mesh fabric, which can ensure comfort and breathability.
Besides, the carbon fiber plates on the reinforced waist belt can
disperse the force exerted on the waist by the exoskeleton.

An RFID module (Fangkang, UHF RFID Module) was at-
tached to the glove, which could recognize different tools in
hands by the RFID tag (Impinj M4E, ISO/IEC 18000-6 C EPC
Class1 Gen?2) attached on the tools. The tag can be easily glued
on the tools (machinery) without any modification for the tools
(machinery), and the information for the tools (machinery) needs
to be imported into the tag through the exoskeleton recognition
module in advance. A bending sensor (Flex sensor 4.5) is at-
tached to the middle finger of the hand to sense the state of
the hand, which can be used for manual control (Straightening

Motors
Straps
Mechanical structure
W Battery
27% M Control boards
W RFID (hand)
3% 5% W Battery (hand)
(a) B Glove (hand)
<1%__ ,Total 02%

2% “ <1%
35%

60%

2%2%; %,
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@ RFID controller
® RFID module
® Motor controller
@ Motor
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56‘7‘8‘9‘101II
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®) | ©

Fig. 5. Hardware information of the exoskeleton. (a) Cost distribution
for the exoskeleton. (b) Weight distribution for the exoskeleton. (c) Pho-
tograph of the controller chips and motor.
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Fig. 6. Power of the (a) RFID recognition module and (b) motor control
module for working and standby modes. (c) Comparison of different
exoskeletons driven by motors [30], [41], [42], [43], [44], [45], [46], [47],
[48], [49], [50], [51], [52], [53].

or bending the fingers can control the increasing or decreasing
of the support force, respectively). This module then sent the
tool’s information to the motor controller (Arduino Leonardo)
by Bluetooth (CRS BC417), which drove the motor to adjust the
support force to the corresponding value according to the tool’s
weight and the user’s information (registered in the memory in
advance. The user’s information includes weight and height, the
support force that compensates the user’s arm weight can be
calculated by that information), as shown in Fig. 1(c)—(e).
Because the motors are only used to control the length of
cables rather than provide support for the arm directly, the auto-
matic control system can be minimal in volume [see Fig. 5(c)]
and ultralow in power consumption. The cable adjustment speed
is 20 mm/s, and the average adjustment time on each side is about
2.5 s (assuming the cable length for each adjustment is 50 mm).
As shown in Fig. 6, the power of RFID and motor control module
are 0.35 and 1.5 W (power efficiency is 80%), respectively,
which are powered by two lithium polymer batteries (DFRobot,
1000 mAh, 3.7 V, 0.5 A and ZONeSUN, 3000 mAh, 5V, 2 A).
The overall mass of the passive exoskeleton is only 3.1 kg,
while the part for the motors is only 0.03 kg. It can provide a
support force to the upper arm up to 130 N. Compared with other
active exoskeletons, our upper limb exoskeleton is lightweight,
untethered, long-lasting, and ultralow in cost (only 135 USD due
to the small motors.). The details of cost and weight distribution
are shown in Fig. 5(a) and (b). To better evaluate the support
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TABLE |
COMPARISON OF ACTIVE EXOSKELETONS

Mass (kg) support force ~ Tethered Actuator Locations of ap- Number of

N) power (W) plication arms
Grazi et al. [30] 5 20 No 8 S Two
Samper-escudero et al. [41] 0.89 130 Yes >24 S+F Two
Christensen et al. [42] 2.65 50 Yes 100 S+E Right only
ExoSuit [43] 1.65 ~ 100 Yes 30 S+F Two
Auxilio [44] 32 100 No 60 S+F Right only
Kim et al. [45] 7.5 100 yes 100 S+E Two
Zeiaee et al. [46] 7.66 177 Yes 260 S+E Two
Xiloyannis et al. [54] ~ 28 ~ 70 F Left only
Sharma et al. [47] 7.5 <204 Yes 200 S+F Right only
Kim et al. [48] 7.7 116 Yes 150 S+E Left only
ARMin III [49] 18.76 125 Yes 90 S+E Left only
Martinez et al. [50] 18.6 100 Yes 50 S+E Right only
ULEL [55] 15.23 ~ Yes >150 S+F+W Right only
ULIX [51] 0.9 <33 Yes >25 F Left only
CRUX [56] 1.3 ~ No ~ S+F Two
Sui et al. [57] 4.2 ~ No ~ S+E Left only
Khan et al. [58] ~ <150 Yes ~ S+F Right only
LIMPACT [52] 8 45 Yes 250 S+F Right only
Buccelli et al. [53] 10 33 Yes 300 S+F Right only
This work 3.1 130 No 0.6 S Two
S: shoulder, F: forearm, E: elbow, W: wrist.

TABLE Il
COMPARISON OF COMMERCIAL EXOSKELETONS
Company Weight  support Adjustability Time for donning Duration
(kg) force (N) and doffing (s) (h)
Airframe Levitate Technologies Inc., USA 5 ~ ~ ~ ~
Eksoevo Eksobionics,San Rafael, CA, USA ~ 22-68 Five levels 15-30 ~
ShoulderX [11] SuitX, Emeryville, CA, USA 3.17 ~ ~ 40 ~
MATE-XT [14] Comau, Turin, Italy 35 ~ ~ 30 ~
VEX [59] Hyundai motor group, Korea ~ 13-29 Five levels ~ ~
PAEXO [60] Ottobock SE & Co. KGaA, Duder- 1.9 ~ ~ 25 ~
stadt, Germany

MAPS-E ULS Robotics, Shanghai, China 73 100 self-adaption ~ 6—8
H-PULSE Pontedera, Italy 5 ~ self-adaption ~ ~
This Work ~ 3.1 130 self-adaption 15-60 11

force, power, and weight performance of the exoskeleton, we
make two indexes: the mass per DOF and the power consumption
for a motor over a united exoskeleton support force on the
hand (the torque of shoulder motor can be converted to the
support force by dividing it with 0.3 m), to indicate the energy
consumption and weight. As shown in Fig. 6(c) and Table I,
our exoskeleton is much more lightweight and efficient than
most industrial exoskeletons and exosuits [30], [41], [42], [43],
[44], [45], [46], [47], [48], [49], [501, [511, [52], [53], [54], [55],
[56], [57], [58]. Compared with other commercial exoskeletons
(see Table II), our exoskeletons bridge the gap between active
and passive exoskeletons while being lightweight and actively
adjustable.

Work-related musculoskeletal disorders cause huge losses to
the industry every year, and exoskeletons can reduce fatigue and
disease occurrence, bringing huge economic benefits to enter-
prises. Due to our exoskeleton’s superior support performance
and the relatively low cost, there is a huge advantage in terms of
cost-effectiveness and return on investment.

V. EXPERIMENT VERIFICATION
A. Characterization of the Gas Spring

The gas spring was characterized by a tensile testing machine
(MTS Criterion Model 42) with a 500 mm/min loading speed.

Although ideally, the resisting force of the gas spring is expected
to be constant, in practice, it is not. As shown in Fig. 7(a), the gas
spring force Fg,s increases 30% during the compression process
and reduces by approximately 21% when it recovers to the
maximum length. The discrepancy is caused by the direction of
the sliding friction force changing for the opposite movements.

B. Support Force Test

To measure the support force of the exoskeleton, as shown
in Fig. 7(b), the main supporting unit was fixed on the tensile
testing machine (MTS Criterion Model 42). The compression
cycle tests were conducted at a 500 mm/min rate. For conve-
nience, the length of f is adjusted by a manual device. Since
the support force F' is in a different direction from the com-
pressing force F} acquired through a load cell (MTS LSB.203)
mounting on the moving stage, a delta transformation is used
here

sin «v

F:Ft(x)m

(16)
where F}(z) is the force recorded on the load cell.

As shown in Fig. 7(c), when the arm of the participant lays
down from supporting mode, the support force changes from a
large value (e.g., 130 N) to a small value (10 N) in the transition
angle ¢, (where the corresponding angle  is about 60°-80°,

Authorized licensed use limited to: Southern University of Science and Technology. Downloaded on September 21,2024 at 08:02:17 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

LIU et al.: IMPLEMENTATION OF A LONG-LASTING, UNTETHERED, LIGHTWEIGHT, UPPER LIMB EXOSKELETON 7
- TABLE IlI
= 320 —Compression process PARAMETERS |IDENTIFICATION
Z —Recovery process P
" j;)( F rressure
‘f 280 B sensor Name  Value
g \ Height ~ Measured by tapeline.
ol \ F, Weight  Measured by weight scale.
£ 240 c Weight x 27.6% [38].
& Fixture d Height x 18.4% x 2/3 [38].
£ 200 ‘ F Weight X 4.9% + weight of tool [61].
o 250 300 350 400 450 y 90°.
Gas spring length (mm) f Calculated by (14).
(a) (b)
I- = = -Theoretic Test I
150 v ; . , . are available for this task, and the power consumption (mainly
uPpoang mode for the motors, control modules, and sensors) of the exoskeleton
w is considerably low. The motor, the control module, and the
downward sensors generated the power consumption in the exoskeleton.
z 100 The working time experiment shows that the exoskeleton lasted
= . 1 8 about 11 h until the 3000 mAh battery drained. The duration of
E : — the exoskeleton can be extended by simply replacing the battery
E . f=S0mm N in a few seconds.
S 50 ;
& upword ! _f=30mm_jr=—=—
Relaxing mode : ' l el C. Effectiveness
N rkhhhhihh e - Four series of experiments, the rest state (RS) test, the Range
40 60 30 100 120 of Motion (RoM) test, the static test, and the dynamic test,
¥ (degree) were performed to evaluate the supporting efficiency of the

(©)

Fig. 7. Force experiment for the exoskeleton. (a) Gas spring force cy-
cle test. (b) Experimental setup of the exoskeleton for the compression
cycle test. (c) Theoretical and experimental force—angle curves of the
exoskeleton with different lengths of f under compression cycles.

assuming cis 470 mm, and d is 210 mm.). On the contrary, when
arms raise from the resting posture, the exoskeleton first gener-
ates a 10 N support force in response to assist the movement,
and then transits to supporting mode until the angle ~ larger
than 120°. As predicted in the model, the transition angle
is different for upward and downward processes (95° and 85°,
respectively. This angle was acquired by assessing the video
data of the transition process captured by a high-speed camera.)
because of the friction force direction difference during these
two processes.

Our mechanical model, including the force transition, is ver-
ified by the good agreement between experimental and theo-
retical results shown in Fig. 7(c). Moreover, as predicted in
Section—III, the support force is adjustable by changing the
magnitude of f. A larger support force is realized through
a larger f. Besides, after decreasing the supporting distance
f, the maximum support force decreases from 130 to 10 N.
However, there are still some differences between theoretical
and actual results. The reasons could be the exact mechanism
of the exoskeleton-body system is not an ideal four-bar-linkage
(e.g., the pivot offset in Joint E and Joint B, and the connection
component between VL and gas spring is L-shape).

In our exoskeleton, the supporting distance was limited by
the cable length, which was adjustable by the motors. Due to
the weak load (less than 10 N) in relaxing mode, small motors

exoskeleton. None of the ten participants (24 £ 3 years old,
weight at 74 + 12 kg, and 178 + 6 cm tall) had prior experience
with any upper limb exoskeletons. Experiments were conducted
by the Declaration of Helsinki. All participants were informed
about the study’s general purpose. All trials were approved by
the Southern University of Science and Technology, Human
Participants Ethics Committee (20210090), and consent was
obtained from all participants.

The body parameters of the participants were obtained by
measurement and calculation (see Table III), and the required
support force was calculated when the angle between the sub-
ject’s upper arm and torso was 90°.

The participants were randomly divided into two groups
(group A and group B) to avoid the effect of the test order, and
each group had five participants. Each test lasted 2 min and rested
10 min, thus reducing experimental errors due to fatigue. The
experiment conditions were the same for each group except for
the test order. For group A, the participants did the task with the
exoskeleton first, then did the same task without the exoskeleton.
The sequence of experiments in group B was reversed from that
in group A.

1) RS Test: Each participant was asked to wear the exoskele-
ton and sit down to relax, with his arm up (supporting mode) and
down (relaxing mode) for 2 min. For comparison, the sSEMG
signal was also measured for the participant in relaxed states
without wearing the exoskeleton.

2) RoM Test: The participants wore the exoskeleton, carried
no weight, and were asked to follow the trajectory of a marker
for 2 min. The trajectory is in front of the participant, and the
RoM of the experimenter’s arm remained within 120° from left
to right and 90° from up to down, as shown in Fig. 8(a). Then, the
participants did the same task without wearing the exoskeleton.
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Fig. 8. sEMG test for the exoskeleton. Tested muscles included the
AD, MD, PD, TR, PM, and LD. (a) Schematic diagram of RoM, static,
and dynamic tests. (b) Schematic diagram of muscle electrode positions.
(c) REA for different muscles under supporting and relaxing modes.
(d) iEMG and rms signal result for RoM test. (e) iIEMG and rms signal
results for the static test. (f) iEMG and rms signal results for the dynamic
tes t(*: p < 0.05.). (g) Support force F provided by the exoskeleton
during static and dynamic tests for one person.
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3) Static Lifting: Ten participants in group A were asked to
hold a 2 kg drill overhead with one hand for 2 min by wearing
the exoskeleton, and then hold the same drill by not wearing it
after 10 min of interval rest. Group B has the opposite order. The
angle between the torso and upper arm, upper arm, and lower
arm were asked to keep around 90° during the test, as shown in
Fig. 8(a).

4) Dynamic Load-Carrying: Ten participants held a 2 kg drill
and were asked to follow the trajectory of a marker for 2 min.
The trajectory was in front of the participant, and the center
of it was at the same height as the eyes of the participant. The
participants in group A did the task with the exoskeleton first
and then held the same drill by not wearing it after 10 min of
rest. Reversing the usual order, the participants in group B did
the task without the exoskeleton first, then did the same task with
the exoskeleton. The angle between the torso and upper arm for
the participants should be around 90° during the test, as shown
in Fig. 8(a).

The SEMG signal was obtained and analyzed for more prac-
tical applications to monitor muscle activation and evaluate the
supporting performance during static and dynamic operations.
The signal was collected by flexible electrode SEMG measur-
ing instruments (Delsys, Trigno, wireless biofeedback system,

IEEE/ASME TRANSACTIONS ON MECHATRONICS

USA). Six Trigno Avanti Wireless Sensors were attached to the
anterior deltoid (AD), middle deltoid (MD), posterior deltoid
(PD), TR, pectoralis major (PM) and latissimus dorsi (LD),
respectively, to measure the SEMG signals, shown in Fig. 8(b)).
The sampling rate is 1259 Hz. The sEMG signal was pro-
cessed by a fourth order Butterworth band-pass filter (cutoff
frequencies, 20400 Hz), a fourth order Butterworth notch filter
(cutoff frequency, 50 Hz), and a rectifier low-pass filter (zero-lag
100-ms moving average filter).

5) Statistics: Statistical analysis was used to determine the
effect of the exoskeleton. The Shapiro—Wilk test (o = 0.05)
was used to assess the normality of the signals. The pairwise
t-test (normal distribution) and the Wilcoxon signed-rank test
(nonnormal distribution) were used to calculate the p-values.

6) Data Analysis: To verify the effect of the relaxing mode,
the relative SEMG activity (REA) [integrated sSEMG (iIEMG) sig-
nal with the exoskeleton (in the position of supporting mode or
relaxing mode) / integrated SEMG signal without the exoskele-
ton)] is calculated. For the static and dynamic test, AIEMG were
calculated by the iIEMG signal for the test with and without
exoskeleton

iIEMGwg — iIEMGwog
iIEMGwog

AIEMG = < ) x 100% 17)
where wg and wop means with and without the help of the
exoskeleton, respectively. ARMS were calculated by the root-
mean-square (rms) SEMG signal for the test with and without
exoskeleton

RMSwe — RMSwoEg
RMSwoE

ARMS = ( > x 100%.  (18)

Results of REA at RS were reported in Fig. 8(c). The participants
with the exoskeleton in supporting mode have higher relative
EMG activity (for AD, the comparison of the supporting mode
and relaxing mode has a p-value larger than 0.05, while the
p-values for other groups of muscles are smaller than 0.05)
compared with participants with exoskeleton in relaxing mode.
The result shows that wearing an exoskeleton to maintain a
raised arm can also cause muscle fatigue, even if no external
load is applied. Switching the exoskeleton to a relaxing mode
can significantly reduce muscle fatigue caused by the lifted arm.

The results for the RoM test are shown in Fig. 8(d). The
AiEMG and the ARMS in all the muscles have no statistically
significant differences (p > 0.05) compared with 0, which means
the exoskeleton did not affect the users’ motion when the sup-
porting level is minimum.

The results for the static and dynamic load-carrying test are
shown in Fig. 8(e) and (f). The AiIEMG and the ARMS in the
static test for AD, PD, TR, and PM have a significant decrease
(p < 0.05) compared with 0. The AiIEMG and the ARMS in
the dynamic test for AD, PD, TR, PM, and LD significantly
decrease (p < 0.05) compared with 0. In total, the average
AIEMG for all the muscles are —43.84% and —46.23% for static
and dynamic tests, respectively, and the average ARMS for all
the muscles are —43.42% and —42.40% for the static and dynamic
test, respectively.
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Fig. 8(g) shows the support force on a participant’s arm
(height: 1.74 m, weight: 68 kg) during dynamic and static tests.
In the dynamic test, the support force on the arm is not constant
but varies between 40 and 60 N. On the one hand, because of the
difference in the support force during lifting and lowering the
arm due to the friction. The other is due to the acceleration of the
arm. The support force agrees with the theoretical calculation
results during the static test.

VI. DISCUSSION

In this article, we design a long-lasting, untethered,
lightweight, upper limb exoskeleton that can increase the work-
ing efficiency for specific tool-based scenarios. For the kine-
matics of the exoskeleton, we suppose the four linkages are in
the same plane. However, it is not in the actual situation due
to the volume of the shoulder. The error is acceptable because
the angle between the two planes (the plane of VL and RL, and
the plane of ETL and EAL) is small. The support force of the
exoskeleton in supporting mode is not constant but increases as
the arm angle decreases. The users may consume more energy
to overcome the excessive support force.

There are some limitations to the exoskeletons. First, the
RFID can only recognize the tool with the tag. Specific tools
need to be labeled before different tasks, which may limit the
working scenarios of the exoskeleton. Second, the support force
can only change under the relaxing mode due to the low power
of the motor. Thus, the exoskeleton may not be suitable for
working scenarios requiring frequent support force changes.
Currently, the exoskeleton model does not consider the effect
of the posture of the lower arm on the required support, which
may result in inaccurate support force. Besides, although the
adjustment time for the support force is about 2.5 s for each side
of the exoskeleton, which is shorter than the adjustment time
by hand adjustment, it is a relatively long time for the actual
working environment. Our exoskeleton can significantly reduce
the activity of the muscles in the shoulder (e.g., AD and TR), but
it has less impact on the muscle activity of the LD, so the risk
of injury from long-term arm lifting work still exists. Besides,
some participants feel discomfort after long contact with the
exoskeleton’s waist belt and arm fixture.

VII. CONCLUSION

In this article, an efficient upper limb exoskeleton with ad-
justable force is modeled, designed, and fabricated based on a
mechanical structure for passive arm support and motors for
active tuning of the maximum support force. This untethered,
long-lasting (11 h), lightweight (3.1 kg) upper limb exoskele-
ton is experimentally characterized and verified. Besides, the
supporting performances of the exoskeleton under static and
dynamic operations are evaluated through SEMG signal analysis.
The sEMG activities for the upper arm were reduced by up to
43.84% and 46.23% for static and dynamic tests, respectively.

In the future, the components and materials can be further
optimized for lighter weight, such as customized sliders and
gas springs made from carbon fiber materials. The automatic
control system can be more versatile by integrating, e.g., speech

control, visual control, artificial intelligence control, and elec-
troencephalogram control, to fit more working scenarios au-
tomatically and accelerate the application of the exoskeleton
in industries. We can also add health monitoring systems to
remind users to avoid long-term working. Moreover, sensors
can be added to the lower arm to monitor its posture during the
support force calculation. Furthermore, new mechanical designs
or control methods can be added to expand the exoskeleton’s
working range from arm-lifting to all upper arm working sce-
narios. Besides, our exoskeleton will be rigorously tested in a
real-world working environment in the future.
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