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Abstract: Work-related musculoskeletal disorder (WMSD) is a common occupational injury. Among
the occupational injuries of agricultural workers, 93% are related to WMSD, with the shoulder being
the second most affected area. This paper presents a passive upper-limb exoskeleton (PULE) with
a gas spring and four-bar mechanism developed to aid the daily activities associated with orchard
farming. The PULE is used to assist the arm-lifting process, reducing the physical exertion of farmers
and the risk of developing WMSD. Electromyography (EMG) measurements of 26 participants
were obtained to evaluate the difference in physical exertion with and without the PULE. Two arm
activities: fruit thinning, with the arms raised and maintained at 100°, and pesticide spraying, with
the hands swinging from 0° to 100° and back, were simulated. Using the PULE decreased muscle
tension of the anterior deltoid (AD) by 17.64-19.86%. The PULE also decreased the AD activity by
37.67-39.57% during the actual orchard farming operations. The Qualisys motion capture system
indicated that the difference in the lifting angle of the upper limb with and without the PULE was
less than 1° and not significant (« > 0.05). Thus, the PULE did not affect the flexibility of the wearer
in orchard farming activities.

Keywords: work-related musculoskeletal disorders; upper-limb exoskeleton; four-bar mechanism;
electromyography; muscle tension

1. Introduction

In 2015, the average age of individuals engaged in agricultural tasks in the Republic
of China (ROC) was 57.1 yr. [1], which indicated that the ROC was suffering from an
aging agrarian population. According to the statistical information of the ROC in 2013,
orchard farmers aged between 25-44 yr. and 45-64 yr. accounted for 11.14% and 64.85%
of all orchard farmers, respectively [2]. In recent years, the Council of Agriculture of the
ROC has vigorously encouraged young people to engage in agricultural tasks, owing to
which, the average age of the agricultural technology group in Kaohsiung has decreased to
41 yr. [3]. Nevertheless, orchard farming-related tasks, such as fruit thinning and pesticide
spraying, require considerable muscle movement. During these arm-lifting movements,
orchard farmers must repetitively lift their arms, leading to considerable physical exertion.
Specifically, such repetitive motions of lifting the upper limbs generate significant body
fatigue and reduce efficiency, especially in the case of elderly orchard farmers.

Work-related musculoskeletal disorders (WMSD) are painful conditions of the mus-
cles, tendons, and neuralgia. WMSD is a common occupational injury caused by the
overuse of a muscle without proper rest. In general, nearly all tasks require the use of
arms and hands, and thus, WMSD of the upper limbs in the modern workplace must be
addressed [4]. Furthermore, several ergonomic risk factors of WMSDs exist in agricultural
tasks, particularly from overwork and non-neutral postures [5,6]. A report demonstrated
that 93% of the occupational injuries of agricultural workers were related to WMSD. Carpal
tunnel syndrome accounted for one-third of the WMSD cases, and the shoulder was the
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second most affected body part [7]. In recent years, automation and robot technology have
been widely implemented, but the amount of workload has not significantly decreased.
The load levels continue to be relatively high in the construction, agriculture, and manufac-
turing domains [8]. Even during low-intensity physical activities, muscle fatigue can occur,
which can damage muscle function. The continuous contraction of muscles can restrict
blood circulation and further increase muscle fatigue [9]. In particular, the repetitive lifting
movements of the arms, which are required in orchard farming activities, can increase
the risk of developing WMSD [10,11]. Therefore, research on the use of exoskeletons to
help alleviate muscle fatigue has attracted much attention. In general, exoskeletons can be
divided into active or passive systems. Active systems consist of one or more actuators
to enhance the strength of the wearer. In contrast, passive systems employ gas springs or
other materials as a power source that stores and releases energy to assist the wearer in
performing physical activities [12,13]. With the development of various exoskeletons, the
passive upper-limb exoskeleton (PULE) has emerged as a promising preventive measure
to decrease upper-limb fatigue caused by repetitive lifting movements. In this regard, the
PULE is composed of two parts, namely, the wearable passive power driving device and
the support mechanism suit. The driving device enhances and assists human movement to
reduce the physical exertion of the wearer, thereby reducing the wearer’s risk of developing
WSMD [12,14].

Existing research on PULEs is mostly focused on industrial tasks such as precision
tasks and repeated manual material handling tasks in car factories. In these tasks, the
PULE can effectively decrease the stress level of the wearer in lifting his/her arms. It
has been demonstrated that, on average, the use of a PULE increased work performance
by 30% and reduced the fatigue of the wearer [15]. In load lifting/lowering and box
unstacking/stacking tasks, the use of a PULE reduced anterior deltoid (AD) muscle activity
by 54% and 73%, respectively [16]. In static overhead work with a 2 kg load, the PULE
significantly decreased the biceps brachii muscle and medial deltoid activity by 49% and
62%, respectively [17]. According to these results, using a PULE can help reduce muscle
exertion during upper-limb activity; however, this aspect has been examined only in the
industrial domain. In recent years, few upper-limb exoskeletons suitable for agricultural
tasks have been studied. Some literature reviews mention the existence of passive back-
support exoskeletons applied to assist farming and industrial tasks [18-21], but these are
not upper-limb exoskeletons. The PULEs presently available on the market are targeted
at medical rehabilitation and industrial tasks, and they are not suitable for assisting the
daily activities of orchard farmers. To this end, in this study, a PULE with a simple
construction was developed and a patent (the application number of the patent in the
ROC is 108116962) [22] was obtained. The proposed PULE can reduce the muscle activity
required in the repetitive lifting of the upper limb necessary in orchard farming, thereby
reducing the risk of developing WMSD. This PULE can assist orchard farmers in their daily
activities and solve the problem related to the aging agricultural population in the ROC.

2. Materials and Methods
2.1. Experimental Design

The design of the experiment is divided into two parts: First, a simulation of the
fruit thinning and pesticide spraying activities is conducted in the laboratory; Then, after
verifying that the PULE can safely and effectively reduce muscle tension in arm-lifting
activities, the PULE is worn to perform the actual operation of pesticide spraying on a
pomelo tree and fruit thinning of a jujube tree.

e Inthe laboratory: Two common arm-lifting movements were simulated (fruit thinning
and pesticide spraying) in the laboratory, and the participants were divided into
groups A (2540 yr.) and B (41-64 yr.) to compare the PULE effect in different age
groups. Because this test was the first evaluation of the PULE, for safety reasons, the
test movements were limited to simple short-term lifting exercises of the arms. The
independent variables were the ages of groups A and B, two types of arm-related
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activities, namely, fruit thinning and pesticide spraying, and the use of the PULE (with
PULE: ES, without PULE: W-ES). In this experimental design, the main muscle used
to lift the upper limb and perform internal rotation was the AD muscle. Therefore, we
measured electromyography (EMG) signals only for the AD. The dependent variables
were the EMG of the AD, the lifting angle of the upper limb (6), and the ratings of
perceived exertion (RPE) of the upper limb. Additionally, the local perceived pressure
(LPP) was rated for the ES condition. The experiment considered four conditions (the
lifting movements of the fruit thinning and pesticide spraying activities, W-ES, and
ES), which were implemented by each participant. Two forms of arm activity (fruit
thinning and pesticide spraying) were selected, as they are commonly performed
during orchard farming.

e Inthe orchard: After confirming that the PULE can effectively and safely assist arm
lifting in the laboratory, the farmers then performed the real operation of pesticide
spraying for the pomelo tree and fruit thinning for the jujube tree. The independent
variables were the use of the PULE (with PULE: ES, without PULE: W-ES). The
dependent variables were the RPE of the upper limb and the EMG of the AD, lateral
deltoid (LD), and posterior deltoid (PD). Additionally, the LPP was rated for the
ES condition. In this experimental design, pesticide spraying and fruit thinning are
continuous complicated actions that include internal rotation, abduction, and external
rotation. The main muscles used to lift the upper limbs and undergo internal rotation,
abduction, and external rotation were the AD, LD, and PD. Therefore, we measured
the EMG signals for the AD, LD, and PD.

2.2. Experimental Procedures

e Inthe laboratory: The participants were briefed about the experimental procedures
and equipment when they entered the laboratory. Subsequently, EMG electrodes
were placed over the AD of the participants. Following a detailed demonstration and
explanation by the researchers, the participants practiced the relevant movements
until they became proficient. The participants were allowed to rest for five minutes
between each step to avoid fatigue. The experiment involved the following steps:

Step 1: Simulation of fruit thinning without the PULE: Each participant raised their
hand and held it at 100° for 90 s. The state in which the hand of the participant was naturally
drooping was defined as 0°. This action was repeated three times with a five-minute break
between each action to avoid fatigue.

Step 2: Simulation of pesticide spraying without the PULE: The participant was asked
to move his hand from 0° to 100°, swinging back and forth for 90 s., guided by a metronome
with a frequency of 2 s. This action was repeated three times with a five-minute break
between each action to avoid fatigue.

Step 3: Steps 1 and 2 were repeated with the PULE. Figure 1a shows the image of the
PULE on a participant during the fruit thinning simulation.

Step 4: The participants performed the maximum voluntary contractions (MVCs), and
this action was repeated three times with a one-minute break between each action to avoid
fatigue. To avoid fatigue of the AD before the experiment started, the MVC measurements
were performed at the end.

e In the orchard: The pomelo farmers and jujube farmers were briefed about the exper-
imental procedures and equipment when they entered the orchards. Subsequently,
EMG electrodes were placed over the AD, LD, and PD of the farmers after a systematic
demonstration and clarification by the researchers. The experiment in the orchard
involved the following steps:

Step 1: The pesticide spraying of the pomelo tree or the fruit thinning of the jujube
tree without the exoskeleton had a duration of 30 min.

Step 2: The pesticide spraying of the pomelo tree or fruit thinning of the jujube tree
with the exoskeleton had a duration of 30 min. Figure 1b shows the image of the pesticide
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spraying activity of the pomelo tree without the PULE. Step 1 and Step 2 were separated by
more than twelve hours to avoid fatigue. Because the pomelo farmers must wear protective
clothing during the entire pesticide spraying process, it was necessary to ensure that the
EMG electrodes did not fall off during the experiment.

Step 3: Each farmer performed the MVCs, and this action was repeated three times
with a one-minute break in between each action to avoid fatigue [23]. The MVC measure-
ments were performed at the end to avoid fatigue of the AD, LD, and PD [17].

(@) (b)

Figure 1. Experimental photographs. (a) Photograph of the passive upper-limb exoskeleton (PULE) during the simulation

of fruit thinning; (b) Photograph of the pesticide spraying activity of the pomelo tree.

2.3. Participants and Ethics Approval

e In the laboratory: Similar to references [2,3], eighteen male participants aged 2540 yr.
and 41-64 yr. were divided into groups A and B, respectively. Group A consisted of
8 people, and group B had 10 people. Consent was obtained from all the participants
to participate in the experiment.

e Inthe orchard: Group C consisted of four male participants whose task was to spray
pesticide on the pomelo tree. Group D consisted of three male participants and one
female participant whose task was to perform fruit thinning for the jujube tree. To
initiate the experiment, permission was obtained from all participants. The average
and standard deviation (SD) for groups A, B, C, and D in terms of age, weight,
and height are listed in Table 1. None of the participants had any musculoskeletal
disorders. The Ethics Committee of Kaohsiung Veterans General Hospital approved
the experimental design, and the IRB No. is KSVGH20-CT6-10.

Table 1. Mean parameters and SD for groups A (n =8), B (n =10), C (n =4), and D (n = 4).

Participants Age (y) Weight (kg) Height (mm)
Group A 30.3 +5.38 70.0 £9.77 1707.5 +2.38
Group B 50.3 £9.02 78.4 £ 11.69 1668.0 &= 4.97
Group C 50.5 & 6.38 76.0 = 16.89 1702.5 £ 4.81
Group D 53.0 £ 11.97 73.0 £9.61 1660.0 + 5.04

2.4. Equipment
2.4.1. Exoskeleton

The evaluated PULE was developed by the Biomimicking and Engineering Laboratory
of the National Sun Yat-Sen University, Kaohsiung, Taiwan, the ROC [22]. This device
is wearable with the objective of reducing muscle fatigue of the arms during the lifting
process through a gas spring mounted on the robotic arm [24]. The PULE is composed
of two parts: the wearable supporting-mechanism suit that weighs 3 kg and the passive
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power driving device with two arm-attachments that weigh 1.6 kg each, leading to a total
PULE weight of 6.2 kg. The user can wear the PULE like a backpack, and it can be adjusted
and fixed to the body through the fixation belt located on the supporting-mechanism suit.

2.4.2. Surface EMG

The Noraxon Surface EMG System (TELEMYO 2400, Noraxon, Scottsdale, AZ, USA)
was used to record the AD muscle activity changes of groups A and B as well as the AD,
LD, and PD muscle activity changes of groups C and D. The EMG signal was at a sampling
rate of 1000 Hz, and the EMG electrodes were placed over the muscle measured for each
participant with 20 mm between the electrodes. Before using the EMG electrodes, the skin
was cleaned with an alcohol cleansing pad and shaved to reduce any noise. The EMG
electrodes were fixed using elastic bands [23]. The grounding electrode was placed on the
7th cervical vertebra (C7), and the EMG information was examined and analyzed using
MyoResearchXP Basic Edition 1.07.01 software. A bandpass filter at 80-250 Hz was added
to the data using MyoResearch-XP 1.07 (Noraxon, Scottsdale, AZ, USA) software, and
the EMG signals were rectified. The EMG signals used to measure muscle activities were
processed using the root mean square (RMS) value to quantify the EMG signals. The EMG
amplitude was calculated by the RMS values of the raw EMG. The EMG amplitude of each
muscle was normalized by %MVC. The %MVC was compared with the RMS and MVC, as
characterized by Equation (1). Equation (2) illustrates the PULE effect. The mean values of
the amplitude were used to measure the degree of muscle contraction [25,26], whereas the
area under the amplitude curve was used to approximate muscle work [27].

WMV C — RMSfarce application — RMSforce relaxation +100% )
RMSmyc — RMSforce relaxation
%MV Cw_gs — %MVCgs
the PULE effect = 100% 2
e PULE effec ( %MV Coy_£s * 100% 2)

2.4.3. Qualisys Motion Capture System

After the participants entered the laboratory, they were requested to stand on the force
plate at the position marked by the researchers. The participants were required to stand in
the same position during the experimental process. The researchers used a protractor to
measure the position when a participant lifted his hand to 100°. A bracket was placed next
to the participant to mark the position to assist the participants in promptly lifting their
arm to that position. During the experiment, the researchers were always at the side of the
participant to ensure that the lifting angle of the upper limb of the participant was constant.

The difference in the lifting angle of the upper limb during the simulation of the
fruit thinning and pesticide spraying activities was recorded using a Qualisys motion
capture system (Qualisys™, Gutenberg, Sweden), which was composed of three parts: six
high-speed cameras, a force plate (Type 9286AA; Kistler, Switzerland) filtered at 10 Hz and
sampled at 800 Hz with a precision of +0.5 percent, and 24 sensors. During the 30 s. of
each experimental phase, the participants stood on the force plate while measurements
were performed. During the experiment, the device tracked the trajectory of the hand
of the participant. The sampling rate of the camera was 200 Hz. Before beginning the
experiment, 24 sensors were fastened onto the arms and trunk of the participant’s body
and infrared light was used to collect the sensor markings on the participant. The change in
the trajectory of the sensors during the experiment was detected to simulate the movement
of the body of the participants. Finally, the change in the lifting angle of the arms and trunk
of the body was calculated using the Visual 3D (version 3.79.0) software tool.

2.4.4. Perceived Exertion

In terms of the participants’ self-evaluation, the perceived exertion and postural
discomfort were recorded using the Borg 6-20 RPE scale and LPP scale, respectively. The
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RPE scale ranges from six (very light) to twenty (maximum exertion) and represents a
tool to evaluate the RPE based on self-observation [28]. The LPP scale, which ranges
from zero (no pressure at all) to ten (extremely strong pressure), represents a tool to
evaluate the perceived postural discomfort also based on self-observation [29,30]. The
participants assessed the perceived pressure on the arms after wearing the PULE for each
experimental step.

2.4.5. The Torque Measurement

Auxiliary forces are generated by the gas springs in the robotic arm of the PULE. To
identify the relationship between the compressed angle of the robotic arm and the auxiliary
force, we measured the robotic arm length (R), the variation in the auxiliary forces (F) on the
glove of the robotic arm with a loadcell (10 kg, Straight Bar TAL220, SparkFun, Boulder, CO,
USA), and the corresponding compressed angle () of the robotic arm with an MPU6050
sensor (GY-521 MPU6050 6DOF, InvenSense, San Jose, CA, USA) based on Arduino-UNO
(ITALY). The initial compressed angle of the robotic arm of the PULE was 71°, which was
set as 0°, and the compression test was initiated to obtain the corresponding equation and
coefficient of determination (R-squared) through R, F, and 6. The R-squared parameter
is a measure of how close certain data are to the equation, and for correspondence, the
R-squared should be higher or equal to 95% [31]. Figure 2 shows a photograph of the
loadcell and MPU6050 sensor.

MPUB050 senor

rope

Figure 2. Photograph of the loadcell and MPU6050 sensor.

2.4.6. Data Analysis

One-way analysis of variance (ANOVA) was utilized to analyze all the information
from the laboratory experiments, and the significance was set as « < 0.05. The RPE scale
of the upper limb before and after wearing the PULE, the %MVC of the AD before and
after wearing the PULE, and the difference in the lifting angle of the upper limb before
and after wearing the PULE for fruit thinning and pesticide spraying were analyzed. Each
dependent variable of the participants was analyzed, and ten analyses were performed, as
listed in Table 2.
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MVC
NoWw

X

50
40
0
0
10

22(92

A-AD-ES A-AD-W-ES B-AD-ES B-AD-W-ES

Table 2. One-way ANOVA was performed for each of the conditions being analyzed (A: group A, B:
group B, W-ES: Without PULE, ES: With PULE).

Analysis Independent Variable Dependent Variable
1 A_W-ES_ thinning vs. A_ES_ thinning
2 A_W-ES_ spraying vs. A_ ES_ spraying %Maximum voluntary
3 B_W-ES_ thinning vs. B_ ES_ thinning contractions (%MVC)
4 B_W-ES_ spraying vs. B_ ES_ spraying
5 A_W-ES_ thinning vs. A_ES_ thinning
6 A_W-ES_ spraying vs. A_ES_spraying  Ratings of perceived exertion
7 B_W-ES_ thinning vs. B_ES_ thinning (RPE)
8 B_W-ES_ spraying vs. B_ ES_ spraying
9 W-ES_ thinning vs. ES_ thinning Lifting angle of the upper
10 W-ES_ spraying vs. ES_ spraying limb (0)
3. Results

Due to a malfunctioning of the surface EMG system, only 6 and 9 data points during
the laboratory experiment for groups A and B, respectively, could be analyzed. There was
contact between the EMG electrodes and the PULE during the testing process, resulting in
EMG signals that exhibited a certain interference [30].

3.1. Muscle Activity

In the fruit thinning simulation, the PULE reduced the %MVC of the AD from 28.6
t0 22.92 (« = 0.407) and from 28.57 to 23.53 (« = 0.176) for groups A and B, respectively.
Similarly, in the pesticide spraying simulation, the %MVC of the AD decreased from
39.53 to 31.78 (a = 2.212 x 10~ ) and from 39.08 to 31.54 (& = 0.055) for groups A and B,
respectively. These results indicate that the PULE induced reduction in the AD muscle
activity. The %MVC of the AD for groups A and B with and without using the PULE for
the fruit thinning and pesticide spraying activities is shown in Figure 3. Figure 4 shows
that the PULE reduced the %MVC of the AD from 55.74 to 33.68 and from 21.66 to 13.5 for
groups C and D, respectively.

o @ *

40 ~39/53 39/08
31,78 31/54
Q30
S
X 20
10
0

A-AD-ES A-AD-W-ES B-AD-ES B-AD-W-ES

(a) (b)

Figure 3. The %MVC of the anterior deltoid (AD) for groups A and B with and without using the PULE in the: (a) fruit
thinning simulation; (b) pesticide spraying simulation. The star symbol indicates statistical significance (« < 0.05).
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60 55174 53/03 60
S S
< 40 33.68 < 40
$ 28{41 29.5 N
S 1673 = b 21:66
20 20 13.5 13.5
9.27 % 9.9
. o | T 1 [T
D-AD-ES D-AD-W-ES D-LD-ES D-LD-W-ES D-PD-ES D-PD-W-ES C-AD-ES C-AD-W-ES C-LD-ES C-LD-W-ES C-PD-ES C-PD-W-ES
(a) (b)

Figure 4. The %MVC of the AD, lateral deltoid (LD), and posterior deltoid (PD) for groups C and D with and without using
the PULE for: (a) fruit thinning of the jujube tree; (b) pesticide spraying on the pomelo tree.

3.2. Kinematics

In the laboratory, the change in the lifting angle of the upper limb before and after
wearing the PULE for fruit thinning and pesticide spraying was observed using the Qual-
isys motion capture system. According to the experimental time, the change in the lifting
angle of the 18 participants involved three stages, namely, the early stage (0-10 s), middle
stage (45-55 s), and last stage (8090 s). The results indicate that the mean change in the
lifting angle in the three stages for fruit thinning and pesticide spraying was less than 1°
and not statistically significant (o > 0.05). Tables 3 and 4 list the mean change in the lifting
angle of the upper limb with the SD and the « value for the cases with and without using
the PULE for the fruit thinning and pesticide spraying activities, respectively.

Table 3. Mean change in the lifting angle of the upper limb and « value before and after wearing the
PULE for fruit thinning simulation (1 = 18).

Time PULE Mean + SD o Value
0-109) WS 10123 £ 599 054
55505 WS 5998 + 429 0899
090 9 WS G887 + 436 o881

Table 4. Mean change in the lifting angle of the upper limb and « value before and after wearing the
PULE for pesticide spraying simulation (1 = 18).

Time PULE Mean + SD « Value
0109 WS 10177 £ 448 0825
55509 WS 1004+ 408 0s

3.3. Borg 620 RPE Scale

In the fruit thinning simulation, the PULE reduced the Borg 620 RPE scale values
from 11.62 to 8.87 («x = 4.908 x 107°) and from 11.7 t0 9.3 (x = 2.292 x 107°) for groups A
and B, respectively. Similarly, in the pesticide spraying simulation, the RPE scale values
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decreased from 8.87 to 7.37 (« = 1.473E x 10~%) and from 8.9 to 7.3 (« = 1.939 x 10~?) for
groups A and B, respectively. The PULE-induced reduction in the mean RPE scale of the
upper limb was statistically significant (& < 0.05). The mean RPE scale of the upper limb for
groups A and B with and without using the PULE for fruit thinning and pesticide spraying
is shown in Figure 5. Figure 6 shows that the PULE reduced the mean RPE scale from 8 to
6.75 and from 11.25 to 10.25 for groups C and D, respectively.

20 20
o 18 o 18
816 ’f‘ "f 816 "
w 14 ) ) w 14 b
& 11,62 11.7 & L ]
p 12 ps 12 ( “ ( ‘
S10  8.87 9.3 S 10 8.87 8.9
& mlE LELE
. e I N - R §F B |
A-ES A-W-ES B-ES  B-W-ES A-ES A-W-ES B-ES  B-W-ES
(a) (b)

Figure 5. Mean RPE scale of the upper limb for groups A and B with and without using the PULE for: (a) fruit thinning
simulation; (b) pesticide spraying simulation. The star symbol indicates statistical significance (cx < 0.05).

20 20
w18 w18
8 16 S 16
w14 w 14
[a o
2 11.25 o
12 = 12
‘%‘3 10 g 10
° ° Ik ﬁ
6 6 4
D-ES D-W-ES C-ES C-W-ES
(a) (b)

Figure 6. Mean RPE scale of the upper limb for groups C and D with and without using the PULE for: (a) fruit thinning of
the jujube tree; (b) pesticide spraying of the pomelo tree.

3.4. LPP Scale

In the fruit thinning simulation, the LPP scale value for the upper limb with the
PULE was 1.0 and 1.1 for groups A and B, respectively. Similarly, in the pesticide spraying
simulation, the LPP scale value was 0.5 and 0.6 for groups A and B, respectively. The mean
LPP scale value was 1.75 and 0.25 for groups C and D, respectively. The mean LPP scale
values of the upper limb using the PULE is shown in Figure 7.
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10 10
w
% 8 T§ 8
o 6 & 6
a
z 4 c 4
©
9] o 1./5
> 2
= & ! o5 4t 06 ﬁ 0.25
0 | 1 0 S
A-thin A-spraying B-thin B-spraying C-spraying D-thin
(a) (b)

Figure 7. Mean LPP scale of the upper limb using the PULE for: (a) fruit thinning and pesticide spraying simulations for
groups A and B; (b) fruit thinning of the jujube tree and pesticide spraying of the pomelo tree for groups C and D.

3.5. The Torque Measurement

Figure 8 shows the relationship between the torque (M) and the corresponding com-
pressed angle of the robotic arm. The angle change (6) and corresponding auxiliary force
(F) of the robotic arm were measured from 0° to 61° using the MPU6050 and loadcell sensor.
The results indicate that the parameters exhibited a linear regression relation. Equation (3)
shows the relationship between the torque of the robotic arm and 6. The R-squared value
was 96.56%.

M = 0.22146 — 0.665 3)

12
10

torque (N.m)

ON PO ®

0 10 20 30 40 50 60
degree(0)

Figure 8. Linear regression for the torque of the PULE.

4. Discussion

This study evaluated the ergonomics of the PULE to provide auxiliary forces for the
upper limb during orchard farming.

4.1. Muscle Activity

The purpose of the PULE is to reduce the upper limb muscle tension of the person
wearing the PULE. With a decrease in muscle tension, fatigue is expected to be lessened,
reducing the risk of developing WMSD in the upper limb [17]. The PULE demonstrated
a decrease in the AD muscle activity of 17.64% and 19.86% for groups A and B, respec-
tively, for which the experiments were conducted in the laboratory. Similarly, the PULE
demonstrated a decrease in the AD muscle activity of 37.67% and 39.57% for groups C and
D, respectively, for which the experiments were conducted in the orchard. This decrease
in the AD muscle activity indicates that the PULE can effectively reduce the muscle ten-
sion experienced by orchard farmers. The PULE effect observed in the orchard farming
simulation was significantly lower than that of the actual orchard farming operation. This
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phenomenon is likely due to the fact that the actual operation actions include internal
rotation, abduction, and external rotation, for which the PULE could also decrease the LD
and PD muscle activities.

The %MVC of the AD for groups A and B during pesticide spraying was higher
than that during fruit thinning, indicating that pesticide spraying requires a larger muscle
activity of the upper limb compared to the muscle tension required for fruit thinning.
However, the RPE scale of groups A and B for pesticide spraying was lower than that for
fruit thinning, indicating that the participants felt that pesticide spraying was easier than
fruit thinning. This phenomenon is likely due to the short-term lowering of the upper limb
during pesticide spraying. Specifically, the participants moved their hand from 0° to 100°,
swinging back and forth, which provided the AD with a brief rest, and consequently, the
participants felt less tired.

The PULE reduced the %MVC of the AD by 22.06 for the jujube thinning activity.
These results are superior to those of the upper limb assist device developed by the Institute
of Agricultural Machinery of Japan, which reduced the %MVC of grape thinning by 8 [32].
The proposed PULE also decreased the LD muscle activity for the jujube thinning activity
by 46.42%. These results are worse than the 62% decrease in the static overhead work
with a 2-kg load [17]. This phenomenon is likely due to the long-term raising of the upper
limb during the jujube thinning activity, as static overhead work with a 2-kg load requires
raising the upper limb for only 30 s.

In groups A and B, the PULE reduced the work required by the AD muscle by 17.64%
to 19.86%, but there is no significant difference. The reason for this is likely because the
torque of the PULE is constant and cannot be adjusted. If the torque can be modified,
the upper limb lifting action may be able to benefit from a greater auxiliary gain for the
participants.

Moreover, although a 20-yr. age difference existed between groups A and B, the PULE
effect was similar for both fruit thinning and pesticide spraying activities. In other words,
the PULE effect did not exhibit any significant difference between groups A and B in both
the activities. This result indicates that the age of the participants (25-64 yr.) was not a
factor in the PULE effect.

4.2. Kinematics and Perceived Exertion

In the laboratory, the mean improvement in the upper limb raising angle was less
than 1° for the fruit thinning and pesticide spraying activities. These findings show that
the PULE did not impact the flexibility of the wearers in the orchard farming activities.

The RPE scale values measured with the PULE in all groups were lower than those
without the PULE, indicating that the PULE was able to reduce the perceived exertion as
determined by the self-evaluation of the participants. The LPP scale values for all groups
were less than 2, equivalent to a “weak pressure” [33]. Overall, this is a direct effect,
as the comfortability of wearing the exoskeleton is one of the main factors affecting the
acceptability of exoskeleton use [12]. The LPP scale value for groups A and B during fruit
thinning was 1.0 and 1.1, respectively, and the results were similar to those for a static
overhead task with the exoskeleton involving no load [17].

4.3. The Torque Measurement

The torque of the designed exoskeleton EKSOVest is generated by a high-pressure
spring. The relationship between the torque and corresponding compressed angle of the
EKSOVest was simulated to be from 1° (2.08 N.m) to 81° (9.12 N.m) [31]. In this study,
the torque of the PULE is generated by a gas spring on the robotic arm, and the torque
and angle of the PULE were measured to be from 0° (0.09 N.m) to 61° (12.76 N.m). These
values indicate that the PULE provides more torque than the EKSOVest.

The R-squared value of the linear regression relation was 96.56%. This value confirmed
the reliability of the obtained regression, as it could well simulate the relationship between
the torque and angle of the PULE. The action of the gas spring was determined with
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Equation (3) and corresponded to the linear regression. These results show that the PULE
can provide a maximum auxiliary force of 43.878 N at a 61° angle of the PULE. According
to the characteristics of the human limbs, a single upper limb of a male accounts for 5.74%
of the total body weight [34]. In other words, for a male weighing 78 kg, the single upper
limb corresponds to a force of approximately 43.876 N. Thus, the PULE is most suitable for
wearers weighing 78 kg.

4.4. Limitations

Because most orchard farmers are elderly in the ROC, the current overall weight of
the PULE (6.2 kg) may be too heavy for most farmers. Therefore, an attempt must be made
to reduce the weight of the PULE in future work.

The torque of the PULE is constant and cannot be adjusted in terms of the strength of
the individual upper limb muscle. If the torque can be adjusted, certain individuals may
be able to benefit from more auxiliary aid for arm-lifting activities. Therefore, future work
may also include rendering the torque of the PULE adjustable in future variants.

5. Conclusions

The PULE, developed for orchard farming applications, is composed of a wearable
supporting-mechanism suit, which can be fixed to the body through the fixation belt, and a
passive power driving device that provides auxiliary force to the arm during the lifting
activity of the upper limb. In this study, the PULE demonstrated a decrease in the AD
muscle activity ranging from 17.64% to 19.86% during the simulation of fruit thinning
and pesticide spraying activities. The PULE also demonstrated a decrease in the AD
activity ranging from 37.67% to 39.57% during the actual operation of orchard farming. The
Qualisys motion capture system indicated that the PULE did not affect the flexibility of the
wearer in orchard farming activities. Finally, the results of the RPE scale also indicate that
the PULE reduces the perceived exertion as determined by the participants’ self-evaluation.
The measurement results confirmed that the proposed PULE can assist in arm-lifting
motions to decrease the physical exertion of orchard farmers, thereby reducing the risk of
developing WMSD in the upper limbs.

6. Patents

In this study, the proposed and evaluated PULE was developed by the Biomimicking
and Engineering Laboratory of the National Sun Yat-sen University, Kaohsiung, Taiwan,
and has obtained a patent (the application number of the patent is 108116962) [22].
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