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ABSTRACT

This study compared farmworkers’ exposure to non-neutral postures using a new mobile platform apple harvesting method and the traditional method using ladders.
Twenty-four workers were recruited and assigned into three groups: ladder workers (n = 8) picking apples from full trees using a ladder, mobile platform workers (n
= 8) picking apples from upper part of the trees while standing on a moving platform, and ground-based mobile platform workers (n = 8) picking apples from lower
part of the trees which the mobile platform workers left out. Upper arm and back inclinations were continuously monitored during harvesting using tri-axial ac-
celerometers over full work shifts (~8 h). Upper arm posture was characterized as the percentage of time that upper arm flexion and abduction exceeded 30°, 60°,
and 90°. Back posture was characterized as the percentage of time that torso angles (sagittal flexion or lateral bending) exceeded 10°, 20°, and 30°. The 10th, 50th,
and 90th postural percentiles were also calculated. The platform workers had lower exposures to upper arm flexion and abduction than the ground and ladder
workers. There were no differences in torso angles between the ladder and mobile platform workers; however, the ground workers were exposed to more and greater

percentages of time in torso flexions.

1. Introduction
1.1. Work-related musculoskeletal disorders in agricultural workers

Agricultural workers suffer from work-related musculoskeletal dis-
orders (WMSDs), with the highest prevalence being in the low back,
shoulders, and upper extremities, respectively (Davis and Kotowski,
2007; Osborne et al., 2012). Based on a study of self-reported pain in the
USA (Walker-Bone and Palmer, 2002), the prevalence of low back pain
was greater in farming (41%) than in other manual (38%) and
non-manual (27%) occupations; the prevalence of shoulder pain was
also greater in farming (14%) than in other types of manual labor (9.7%)
and in non-manual labor (7.1%) occupations. In apple orchards, manual
harvesting was reported as the most frequent task (34.5%), and the
median duration of the apple harvest typically lasts four weeks for each
variety of apple present in an orchard (McCurdy et al., 2003).

Occupational risk factors for low back and shoulder pain include
working with moderate to high forces, holding prolonged elevated
postures with the back and arms, and using the arms repetitively
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(English et al., 1995; van der Windt et al., 2000; Leclerc et al., 2004). In
apple harvesting, workers are exposed to shoulder stress while reaching
to pick apples and to both back and shoulder stress while carrying apple
bags or ladders (Fulmer et al., 2002). Research has found that this
population is subjected to and holds awkward postures for a greater
percentage of time than construction workers and nurses, two groups
with the highest WMSD risk (Earle-Richardson et al., 2004).

1.2. Current situation and knowledge gaps in tree fruit industry

The tree fruit industry is important in Washington State, USA. This
industry, when compared to others in the state, generates the most
revenue and accounts for almost one-third of agricultural product sales
in Washington State and is the largest apple supplier in the Unites States
(USDA NASS, 2018). Nevertheless, the industry is facing challenges in
price competition from foreign producers. In response the financial
challenges from foreign producers and to increase profits, the Wash-
ington State Tree Fruit Research Commission issued a national roadmap
aiming to reduce production costs by focusing on technological
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Fig. 1. A harvest-assisted mobile orchard platform.

innovations used to automate orchard systems (Seavert, 2005). In
industrialized orchards in Washington State, small trees are planted
close together and trained onto a trellis to form a continuous fruiting
wall to increase production per acre. This orchard layout can easily
accommodate new and innovative harvesting systems, such as the mo-
bile platform. This elevated platform moves semi-autonomously through
two rows of trees (Fig. 1). This technology has been introduced in some
industrialized orchards to make harvesting more robust and economical
with the intent to increase productivity and decrease costs. No longer
needing to climb ladders, workers using this technology can stand on the
platform and continuously pick apples while being semi-autonomously
transported through the orchard. A second team of workers harvests
the apples remaining on the lower parts of the tree from the ground.
Nevertheless, given the usage of these platforms, ergonomics associated
with automation in agriculture is still understudied and undervalued.
Research is needed to investigate whether they reduce the prolonged
static loading or repetitive motions of the shoulders and back or put
workers at greater risk for shoulder- and/or back-related discomfort and

injury.

1.3. Current methods in assessing postures

Previous studies presented several techniques to assess non-neutral
work postures through observational methods of which is a direct
measurement, incorporating a computerized system with markers on the
body or self-contained battery-powered sensors with built-in memory
(Spielholz et al., 2001; Bernmark and Wiktorin, 2002; Amasay et al.,
2009; Scibek and Carcia, 2012). However, only a few studies have
collected objective posture measurements in this way from agricultural
workers in field settings due to the variability in the work environment.
One of those few previous studies used accelerometers to collect and
characterize the trunk postures of forestry workers performing their
various regular tasks such as tree seeding, harvesting, logging, log
sorting, and vehicle maintenance (Teschke et al., 2009). Another study
collected tri-axial acceleration data of the upper arm and characterized
the upper arm posture of milking parlor workers when the workers were

standing at fixed positions while the cows were moved to the workers
and always at the same height (Douphrate et al., 2012).

In attempt to evaluate the work postures in apple harvesting, a
previous study proved the feasibility of the technique using tri-axial
accelerometers to collect and characterize postural exposure in both
ladder-based and mobile-platform-based apple harvesting (Thamsuwan
et al., 2019). In this study, posture data were collected from various
types of orchards including conventional ones where workers used
ladders to harvest Red Delicious apples from tall and wide trees as well
as two different trellised orchards with shorter tree walls where workers
harvested Jazz and Gala apples from the mobile platforms. The fact that
different apple varieties are grown on trees with different characteris-
tics, e.g. height, and require different harvesting techniques, e.g.
strip-picking vs. color-picking, suggested that this study did not provide
a fair comparison between the ladder-based and mobile-platform-based
apple harvesting. To make a reasonable comparison between the two
equipment, posture data should be collected from the same type of or-
chards where the same types of apples are picked from the trees in the
same ages.

1.4. Study objective

The aim of the current study was to overcome the challenge of
incomparable dataset in the previous study to determine whether the
back and upper arm postures and repetitions for apple harvesting
differed for ladder and mobile platform workers. Such exposures among
orchard workers using ladder-based and mobile-platform-based har-
vesting methods were collected and compared within a single orchard.
This paper contains part 1 of the current study where workers’ exposures
to non-neutral back and upper arm posture are being presented, whereas
the next paper, part 2 of the study (Thamsuwan et al. in press), describes
repetition rates. The postural exposures were characterized in two ways:
(1) by the percentage of work time during which the angles of the back
and upper arms were greater than certain postural thresholds, and (2) as
the 10th, 50th and 90th percentiles of the angles of the back and upper
arms.
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Table 1
Participants’ demographics and anthropometrics: mean (SE).
Ground Ladder Platform  p-value

Age (years) 23.9(1.4) 325(3.0) 28.3(3.0) 0.09
Weight (kg) 83.9 (4.9) 71.4 (4.5) 74.7 (2.4) 0.11
Height (cm) 177 (3.3) 170 (2.4) 171 (2.4) 0.16
Arm length (cm) 65.6 (1.6) 63.6(1.0) 66.1(1.3) 0.36
Upper arm length (cm) 37.1(1.0) 35.4(0.4) 35.7(0.6) 0.26
Forearm length (cm) 35.4(1.1) 34.7(0.5) 35.4(0.9) 0.80

Number of right-handed workers 7 6 8 -
Experience at study site (seasons) 1.38 (0.26) 2.00 (0.27) 1.25(0.16) 0.08

2. Methods
2.1. Subjects

Twenty-four workers who were currently working in a trellised or-
chard and who had at least one season of harvesting experience (i.e.,
approximately three months) were selected to participate in the study.
All the participants were males of Hispanic origin and native Spanish
speakers. This study took place in one orchard in Quincy in 2014, which
was different from the previous study (Thamsuwan et al., 2019) con-
ducted in several orchards in Yakima region in 2013, when those sub-
jects in each group were recruited separately. Therefore, none of the
subjects in this study had previously participated in the previous study.

The participants were firstly recruited from the same orchard at the
same time then each participant was assigned to one of the following
three groups: (1) platform workers who picked apples at the upper- and
mid-level of the trees while standing on a moving platform, (2) ground
workers who worked in front or behind the mobile platform and picked
apples only at the lower level of the trees, and (3) a separate group of
ladder workers who picked apples over the full height of the trees. All
subjects participated in the study for one day and only performed their
dedicated harvesting tasks. All participants provided informed consent
prior to participating and all study procedures involving human subjects
were approved by the University of Washington Human Subject’s Di-
vision Institutional Review Board. The subjects’ weight, height, arm
length, upper arm length, and forearm length were measured at the end
of the work day. Table 1 shows the descriptive statistics of the de-
mographic and anthropometric measures of the participants.
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2.2. Apple harvesting tasks

In conventional apple harvesting, an empty bag is attached to the
front of the workers’ body with shoulder straps (Fig. 2). The workers
climb the ladder and pick apples from the highest point of the tree and
move down the tree while descending the ladder until the apple bag is
filled. With the filled bag, the workers then walk to an apple bin (Fig. 3),
dimension: 120 cm x 120 cm x 70 cm, bend over, open the bottom of the
apple bag, and gently release, dispense, and disperse the apples into the
bin. The workers usually carry up to 20 kg of apples in their bag before
they deposit the apples into the bin. As soon as the bag is empty, the
work cycle starts again. This work cycle typically takes about 2.5-3 min.
When the workers finish picking the apples from one tree, they move to
another tree while carrying the ladder with them.

With the new mobile platform technology (Fig. 1), workers do not
have to climb a ladder or walk to the bins to unload the harvested apples.
They stand on the mobile platform, which slowly moves through the tree
canopy. Using the same type of apple bag as the ladder workers, the
mobile platform workers pick apples until the bag is full and deposit the
apples into a bin located in the center of the mobile platform. One of the
mobile platform workers controls the movement and speed of the mobile
platform, thus controlling their own work pace. The mobile platform
operator only has to control the platform movement intermittently;
therefore, this additional task of operating and controlling the platform
takes little time and does not distract the workers from their picking
task. All mobile platform workers wore harness and were secure to the
mobile platform to restrain them from falling.

All the participants picked the same type of apples in the same or-
chard blocks with the same picking instructions. All the workers were
assigned to pick Fuji apples in the same trellised-tree block where all the
trees were 7.5 years old. The picking instructions were ‘to the second
pick for color’ referring to the second pass picking apples in an orchard
where only apples of a desired color and size are picked. As shown in
Fig. 1, the platform (Bandit Xpress, Automated Ag Systems, Moses Lake,
WA, US) had two raised levels: a lower level in the front and higher level
in the back. Four workers stood on the platform, one on each side of the
lower level and one on each side of the upper level. A bin for collecting
the picked apples was positioned in the middle of the platform between
all four workers. Therefore, unlike the ladder and ground workers, the

Fig. 2. A worker picking apples while carrying an apple bag and standing on the ladder as a conventional apple harvesting technique.
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Fig. 3. Apple bins between tree rows.

Fig. 4. Accelerometers attached to Participant’s Upper Arms and Torso.

platform workers did not have to walk a long distance to fill up the bin
and could continuously pick apples. For the ground and ladder workers,
the bins were placed along the tree rows; thus, walking to and unloading
their apples into these bins constituted part of their work activity. All the
participants were paid piece rate according to the number of apples they
picked. The study was conducted at a cooperating orchard in the West of
Quincy, WA, USA, over a six-day period.

2.3. Instrumentation for field measurement

As shown in Fig. 4, to record upper arm and torso postures over a full
work shift (8 h), the participants wore arm bands and a torso strap with a
small, wireless tri-axial accelerometer (G-Links; MicroStrain® Sensing
Systems; Williston, VT, USA) attached to their left and right upper arms
and torso. The tri-axial accelerometers were battery powered and had 2

MB of built-in memory. Posture data were continuously recorded with a
sampling frequency of 5 Hz.

2.4. Calculating postural exposure of back and upper arm

Similar to the previous study (Thamsuwan et al., 2019), upper arm
elevation relative to the gravity (Bys) was calculated as shown in eq. (1).
In addition to that, this study defined upper arm posture based on three
anatomical planes: flexion (arm forward) and extension (arm backward)
on the sagittal plane; abduction (arm toward the side) and adduction
(arm away from the side) in the frontal plane, to provide more detailed
information on the ergonomic exposure at shoulder in relation to the
nature of the work. The flexion/extension angles were angles between
the projection of the upper arm to the sagittal plane and the vertical
gravity line. The abduction/adduction angles were angles between the
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Table 2
Median (IQR) of the APDF parameters of upper arm and torso angles in degrees. Positive values indicate arm flexion, arm abduction, and torso flexion.
p-value
Ground Ladder Platform Method Arm'®
Upper Arm Exposure
Sample size (N) 7 6 8
Arm Flexion
10th Percentile
Non-dominant Arm —8.6 (5.9) —-11.5 (41.1) —20.5 (15.7) 0.41 0.05
Dominant Arm -3.1 (14.7) —4.2 (21.6) —4.7 (24.6) 0.83
50th Percentile
Non-dominant Arm 14.9 (6.4) 11.3 (41.3) —0.7 (18.0) 0.32 0.01
Dominant Arm 23.4 (12.4) 26.0 (18.7) 18.8 (25.7) 0.95
90th Percentile
Non-dominant Arm 40.6 (8.1) 39.6 (45.9) 24.2 (18.8) 0.29 0.005
Dominant Arm 50.5 (15.6) 54.9 (13.1) 43.7 (20.9) 0.45
Arm Abduction
10th Percentile
Non-dominant Arm 0.2 (4.7) —-11.8 (14.4) —5.4 (16.5) 0.23 0.66
Dominant Arm 0.1 (19.1) —8.0 (22.8) -2.3(16.2) 0.96
50th Percentile
Non-dominant Arm 15.4 (5.6) 6.7 (11.3) 11.0 (16.0) 0.40 0.70
Dominant Arm 18.9 (24.0) 11.9 (18.9) 13.7 (11.5) 0.93
90th Percentile
Non-dominant Arm 35.1 (6.1) 40.4 (11.4) 28.9 (19.1) 0.68 0.41
Dominant Arm 39.4 (29.5) 38.1 (20.1) 34.1 (10.6) 0.71
Arm Elevation
10th Percentile
Non-dominant Arm 10.5 (5.7) 11.8 (9.1) 12.2 (5.6) 0.91 0.02
Dominant Arm 14.2 (7.3) 16.6 (5.3) 14.7 (11.1) 0.37
50th Percentile
Non-dominant Arm 25.5(7.9) 25.7 (15.5) 26.5 (8.8) 0.47 0.0004
Dominant Arm 34.1 (7.6) 35.5 (6.7) 32.0 (18.2) 0.59
90th Percentile
Non-dominant Arm 49.6 (7.2)* 54.4 (13.2)b 47.6 (11.2)* 0.0003 0.0002
Dominant Arm 57.0 (10.1) 62.5 (10.2) 53.2 (10.1) 0.15
Trunk Flexion
Sample size (N) 8 7 8
10th Percentile —13.8 (10.4) —20.9 (11.49) —29.4 (10.5) 0.08 N/A
50th Percentile 13.6 (4.7) 0.3 (16.1)° 3.2 (5.9 0.03 N/A
90th Percentile 28.2 (5.6) 13.8 (14.1)° 19.2 (8.3)° 0.02 N/A

&b indicates the results of the post hoc analysis, i.e. pair-wise comparison, between the exposures across the worker groups. Worker groups with same letter means that
they did not have significantly different exposures to non-neutral posture. The sample size for the Wilcoxon Signed Rank Test for the difference between two dependent

groups (non-dominant and dominant arms) were N = 21 (i.e. 7 from ground, 6 from ladder, and 8 from platform workers).
# The sample size for the Wilcoxon Signed Rank Test for the difference between two dependent groups (non-dominant and dominant arms) were N = 21 (i.e. 7 from

ground, 6 from ladder, and 8 from platform workers).

projection of the upper arm to the frontal plane and the vertical gravity
line. The angles of flexion (64r;) and abduction (6a4p) are determined
by eq. (2)and eq. (3), respectively.

Ovs :tan’l(@) m
Oper = tan"! (f) )
Opns = tan™! (%) 3
Where

x accelerations of upper arm in forward direction
y = accelerations of upper arm in sideway direction
z = accelerations of upper arm in upward direction

Similar to upper arm angles, torso inclination was defined in terms of
the degree the torso deviated from the vertical line in the sagittal plane
and the coronal plane. The torso inclination angles were calculated as
the torso forward flexion (Orp) according to eq. (4), with positive

values in the x-axis in the forward direction, and positive values in the z-
axis in the downward or gravity direction.

Orp, =tan™! (g) C)]

The postural exposures in upper arms were characterized by the
10th, 50th, and 90th percentile angles and in terms of the percentage of
work time during which the upper arm flexion and abduction angles
were above the designated threshold values of 30° 60° and 90°. The
exposures to torso inclination were characterized by the 10th, 50th, and
90th percentile angles and the percentage of time during which torso
flexion exceeded 10°, 20°, and 30°. The 10th and 90th percentiles of the
postural exposures represented the minimum and maximum, respec-
tively. The 50th percentile was a measure of central tendency.

2.5. Accelerometer-data processing

The data collected from the tri-axial accelerometers were processed
and analyzed using an interactive graphical software program (Lab-
VIEW, 2014; National Instruments; Austin, TX, USA). To reduce instru-
mental noise, raw data were filtered using a dual-pass 1-Hz low-pass
Butterworth filter. After the filtered signals of the upper arm and torso
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APDF of Upper Arm Elevation
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Fig. 5. Median of the APDF parameters of upper arm elevation angles; error bars are IQR.

Table 3
Median (IQR) of the exposure to non-neutral postures of upper arms and torso in percentage of work time.
p-value
Ground Ladder Platform Method Arm'
Upper Arm Exposure
Sample size (N) 7 6 8
Arm Flexion
% time above 30°
Non-dominant Arm 23.5 (8.3) 22.7 (54.8) 6.6 (14.8) 0.28 0.005
Dominant Arm 37.5(27.8) 43.0 (24.8) 31.0 (38.2) 0.85
% time above 60°
Non-dominant Arm 4.7 (1.8) 3.6 (11.3) 1.5 (2.0) 0.14 0.03
Dominant Arm 5.0 (3.5) 7.8 (5.5) 3.4 (4.7) 0.26
% time above 90°
Non-dominant Arm 1.3 (0.6) 0.7 (1.3)*" 0.4 (0.4)° 0.04 0.06
Dominant Arm 1.6 (1.2)* 2.3 (0.9)* 0.6 (0.5)b 0.03
Arm Abduction
% time above 30°
Non-dominant Arm 15.1 (7.3) 17.0 (5.6) 9.4 (25.8) 0.86 0.29
Dominant Arm 22.6 (35.2) 20.1 (18.8) 14.3 (11.4) 0.83
% time above 60°
Non-dominant Arm 3.4 (1.0) 5.0 (2.1) 1.8 (1.6) 0.08 0.97
Dominant Arm 2.4 (4.6) 4.5 (4.1) 1.9 (0.9) 0.32
% time above 90°
Non-dominant Arm 1.3 (0.8)* 1.3 (0.4)* 0.4 (0.3)° 0.005 0.84
Dominant Arm 0.9 (0.9)* 1.8 (1.1)* 0.6 (0.3)b 0.01
Arm Elevation
% time above 30°
Non-dominant Arm 38.4 (22.9) 39.3(38.1) 39.7 (23.5) 0.49 0.0009
Dominant Arm 58.7 (21.5) 63.4 (16.2) 55.4 (39.7) 0.58
% time above 60°
Non-dominant Arm 5.7 (2.0)* 7.8 (6.4)° 3.6 (3.1)° 0.0001 0.004
Dominant Arm 8.5(5.2) 11.6 (6.9) 5.9 (4.0) 0.12
% time above 90°
Non-dominant Arm 1.1 (0.6)* 1.5 (0.5)* 0.5 (0.5)° 0.0001 0.14
Dominant Arm 1.7 (1.5)% 2.3 (1.8)* 0.7 (0.8)b 0.002
Trunk Flexion
Sample size (N) 8 7 8
% time above 10° 59.2 (11.0)? 18.7 (35.5)b 31.8 (18.7)b 0.04 N/A
% time above 20° 32.0 (15.4)* 5.1 (14.5)* 9.0 (1245)b 0.04 N/A
% time above 30° 7.0 (8.8) 1.3 (2.9)*° 0.6 (1.3) 0.05 N/A

b indicates the results of the post hoc analysis, i.e. pair-wise comparison, between the exposures across the worker groups. Worker groups with same letter means that
they did not have significantly different exposures to non-neutral posture. The sample size for the Wilcoxon Signed Rank Test for the difference between two dependent
groups (non-dominant and dominant arms) were N = 21 (i.e. 7 from ground, 6 from ladder, and 8 from platform workers).
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accelerations in each of the three directions (x-y-z) were obtained, the
acceleration data were calibrated; in other words, offset by the accel-
erations in three directions while the participants were standing straight
with arm hanging vertically in the gravity direction. Then the upper arm
angle and torso angles were calculated using equations (1) and (2), as
described in the previous section. Since apple harvesting is a bilateral
task and to account for the hand dominance, the upper arms were
labeled as dominant and non-dominant arms instead of left and right
arms. For each participant, two-time segments — the working period
before and after the lunch break — were extracted from the full-day
measurements. Then the 10th, 50th, and 90th percentile of postural
angles and the percentage of time spent working in the various upper
arm and torso postural exposure categories were calculated.

2.6. Statistical analysis

Due to equipment failures, 21 sets of bi-lateral measurements were
collected from the upper arms (n = 7 from ground, n = 6 from ladder,
and n = 8 from platform workers) and included in the final analysis.
Almost complete torso postural exposures were collected from all three
groups (n = 8 from ground, n = 7 from ladder, and n = 8 from platform
workers). Since each group of participants used only one harvesting
method, the comparison across harvesting methods did not use a
repeated-measures design. The distribution of the data passed neither
normality test nor the equality of variances across the groups, the data
was analyzed using Kruskal-Wallis tests. The dominant and non-
dominant arms were treated as repeated measures and were compared
using Wilcoxon Signed-Rank tests.

3. Results
3.1. Upper arm postural exposure

The postures (Table 2 and Fig. 5) and the percentage of time above
postural thresholds (Table 3 and Fig. 7) show statistically significant
differences in arm flexion and elevation between the non-dominant and
dominant arms; however, there was no significant difference between
the non-dominant and dominant arm abduction. The 10th percentile
(minimum) of the upper arm flexion/extension suggested that the
workers had their non-dominant arms in greater extension angles than
their dominant arms. The 50th and 90th percentiles (median and

Applied Ergonomics 89 (2020) 103193

maximum) of the upper arm flexion and elevation angles were greater in
the workers’ dominant arm than those in their non-dominant arm
(Table 2). Participants spent more time with their dominant arm flexed
and elevated above 30° and 60° than with their non-dominant arm flexed
and elevated above the same thresholds (Table 3). The percentage of
time the arms were flexed above 90° almost reached significance be-
tween the dominant and non-dominant arm.

As shown in Table 2, there were no significant differences in the
10th, 50th, and 90th percentile flexion-extension and abduction/
adduction upper arm angles across the three harvesting methods, except
the 90th percentile of dominant arm elevation. On the other hand, as
shown in Table 3, the platform works significantly reduced the per-
centage of work time during which the non-dominant and dominant
upper arm were flexed, abducted and elevated above 90°.

3.2. Back postural exposure

The 10th, 50th, and 90th percentiles of torso inclination angles are
presented in Table 2 and Fig. 6, indicating the ground workers worked
with more forward flexion in the 50th and 90th percentiles of angles
than the ladder and platform workers. The percentage of work time
during which torso forward flexion was greater than the angle thresh-
olds of 10°, 20°, and 30° are shown in Table 3 and Fig. 8. The ground
workers spent more time working with torso forward flexion over 10°,
20°, and 30° than both the platform and ladder workers, and more time
with torso forward flexion over 30° than the platform workers.

4. Discussion
4.1. Implications of research findings for the industry

This study presented an objective method for measuring work pos-
tures using accelerometers. Non-neutral postures of the upper arms and
back were assessed using different angular thresholds of upper arm and
torso inclination angles. The study identified differences in the per-
centage of time spent above various defined angle thresholds between
the dominant and non-dominant arms. Mobile platform use reduced the
percentage of time workers were exposed to the most extreme postures
(% time arms were above 90°) but did not substantially change the
percentage of time during which the upper arms were used at the lower
levels of arm elevation.

APDF of Trunk Flexion

40 -

30 ~

10th percentile

B Ground ™ Ladder

m Platform

T_mlen

-10 -

Angle (degrees)
o

-20 -

-30 A

L

90th percentile

50th percentile

Fig. 6. Median of the APDF parameters of upper trunk flexion angles; error bars are IQR.



O. Thamsuwan et al.

Applied Ergonomics 89 (2020) 103193

Exposure to Upper Arm Elevation
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Fig. 7. Median of the exposure to upper arm elevation; error bars are IQR.

Exposure to Trunk Flexion

70 A

60 -

30 -

20 -

% of work time

10 -

% time above 10°

-10 -

B Ground M Ladder

% time above 20°

m Platform

% time above 30°

Fig. 8. Median of the exposure to trunk flexion; error bars are IQR.

Although the platform was found to significantly reduce the per-
centage of time in more extreme postural exposures, the difference may
not always be meaningful due to the small percentage of time the
workers engaged these postures, particularly for the upper arm at higher
angle thresholds. For instance, for overhead work where the upper arm
angles were above 90°, the percentage of time difference between the
platform and ladder methods was very little (~1%). The roughly 1%
reduction in the percentage of time the arms were above 90° is equiv-
alent to 5 min of the platform workers’ regular 8-h work day. Accord-
ingly, the practical interpretation of these results has to be made
carefully. However, the results indicate that platforms do not appear to
increase postural risks, which was a concern given that platform workers
are almost constantly working in the tree canopy.

Although the platform could reduce the percentage of time in torso
flexion, relative to working on a ladder, the platform also requires a
group of ground workers to walk and pick apples from the lower levels of
the tree. This study demonstrated that the ground workers had the
greatest exposure in terms of the percentage of time spent in torso

flexion. Therefore, if mobile platforms were to be implemented, job
rotation between the platform and ground work would be advisable.

The mobile platform did not appear to increase postural exposures
and the subsequent risks for WMSDs. In addition, relative to ladder
work, the mobile platforms can reduce the risk of acute injuries because
the workers wear integral fall-restraint devices built into the platform.
However, ladders may still be necessary for certain harvesting situa-
tions, for example, when the orchard terrain is heavily sloped and un-
suitable for mobile platforms. In such cases, job rotation could be carried
out between ladder- and mobile platform-based work and between
platform- and ground-based works.

In general, considering postures as one of ergonomic risk factors to
musculoskeletal disorders, this study showed that none of the worker
groups had a high risk to shoulder injuries since the 90th percentiles of
their upper arm flexion, abduction, and elevation were less than 60°
with an exception for the dominant arm of ladder workers. However, in
terms of trunk flexion and extension, the APDF results (Table 2) sug-
gested that the ladder workers had only little extreme trunk posture as
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the 10th and 90th percentiles of their trunk flexion/extension stayed
within the range of —20° and 20°. In contrast, the ground workers oc-
casionally had high-risk trunk flexion (90th percentile angle > 20°) and
the platform workers sometimes had high-risk trunk extension (10th
percentile angle < —20°).

4.2. Comparing postures to previous studies

Upper arm results were somewhat different from those of a previous
study of apple orchard workers in New York State (Earle-Richardson
et al., 2005). In this 2005 study, different designs of apple buckets were
evaluated while workers were harvesting apples from ladders; the re-
searchers observed, sampled, and tracked the various work postures of
the workers. In their study, both upper arms were in a neutral region
(<60°) 40% of the work time; one upper arm was above 60° about 30%
of the time; and both upper arms were above 60° about 30% of the time.
The non-neutral upper arm postures assessed through this visual
observation method indicated that at least one arm was elevated above
60° (60% of work time) for more time than in the current study (at most
57 + 7.8 + 41 + 4.6 = 22.2% of work time). Our results and the
discrepancy with the New York study suggest that the threshold of 60°
for defining a non-neutral upper arm position may not be sufficient. Our
study providing the 30° threshold could advance understanding of the
health effect of the harvesting technique.

The results of the back postural exposure among the ladder workers
in our study were also slightly different from those of the New York
study. In our study, the ladder workers bent their backs more than 20°
for 15.3 (Standard Error 9.0) % of work time. In the New York study, the
workers bent their backs more than 20° for 23% of their work time. The
source of the slight difference could either be due to measurement
methods, differences in ladder harvesting techniques, or a combination
of both.

In addition to the comparison with previous studies on orchard
workers, the results were compared to other industries with similar work
postures. The exposure to non-neutral posture of upper arm and trunk, i.
e. the percentage of time in awkward posture region, in orchard workers
appeared to be much lower than arm elevation and trunk flexion in
construction workers who did overhead work, climbed a ladder to reach
a ceiling or sustained awkward trunk postures to install drywalls(Sen-
gupta Dasgupta et al., 2014). However, the percentages of time when an
arm was raised above 60° and 90° in the current study were fairly close
to the construction electricians, but how much the arms were elevated, i.
e. the 90th percentile of arm elevation angle, was not as high as ones in
the electricians(Moriguchi et al., 2013).

4.3. Study limitations

The data collection tool, the accelerometer-based inclinometer, is
limited as it cannot capture different angles in horizontal planes. In
other words, the internal and external rotation of the shoulders and torso
twisting could not be measured. All information measured by the
accelerometer was relative to gravity. The lack of information about the
arm and torso posture in the horizontal plane may limit clinical impli-
cations because potentially hazardous extremes of shoulder (internal
and external rotation) and torso twisting could not be identified. Not
having information on internal and external shoulder rotation and torso
twisting could also hinder the design or redesign of the platform to
improve work postures. Moreover, the sensors similar to the
accelerometer-based inclinometers used in the study were found to
underestimate the true arm angles when the arm flexion or abduction
was above 60° (Jackson et al., 2015). Additionally, it was found that the
accuracy of arm inclination angles derived from accelerometer-based
measurement was adversely affected by increased motion speed, that
is, when the motion speed was increased from 15 to 30 cycles per minute
(Chen, 2017). Still, based on part 2 of this current study, the repetition
rates were approximately less than 15 cycles per minute (Thamsuwan
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et al., in press), implying smaller errors.

There is also another limitation in relation to instrumental error.
Once the accelerometers were attached, participants tried moving their
arm and trunk to ensure that the sensors would not move and that the
participants maintain their full range of motion. Despite the secure
mounting that allowed workers to move their body as if there had been
no sensor, accelerometers at the torso, which were attached by harness
(Fig. 4), could have moved while participants were working, especially
when adjusting their apple bag after emptying it. The calibration for
sensor mounting position was only conducted prior to the work session,
but neither during nor after harvesting, so it was unknown when the
sensors have already shifted from the calibrated orientation. This might
have caused an error in the results. As shown in Table 2, the 10th
percentile angles of trunk flexion/extension were negative, i.e. there
were higher extension exposure than what should have been.

Finally, some caution should be applied to generalizability. The
study was conducted in a trellised orchard, which is one standard type of
orchard in Washington State but may not be typical of orchards in other
parts of the USA or the world. The difference in the exposure profile in
this study from one in New York State was due to not only harvesting
methods and measurement technique, but also the trellising systems.

4.4. Future research

Inertial measurement units (IMUs) can help overcome the inability of
accelerometer-based inclinometry to characterize the shoulder internal/
external rotation by adding gyroscopes and magnetometers to the sensor
unit (Wang et al., 2015; Valenti et al., 2015; Ricci et al., 2016). Previous
studies have measured postures using IMUs and incorporating the gy-
roscope’s angular velocity data into their posture calculation algorithms
and have demonstrated that this IMU-based inclinometry technique
could reduce the posture estimation errors in accelerometer-based
inclinometry (Bergamini et al., 2014; Chen et al., 2018). Therefore,
IMUs, which provide angular velocities in addition to acceleration, may
replace the accelerometer-based inclinometers in the future.

Developing techniques to assess physical exposures in field settings is
one essential step for developing standards and recommendations for
evaluating work practices as well as technological interventions. The
methods developed in this study have implications for future studies that
attempt to generate results and conclusions to support the healthy work
environment of farmworkers. Exposure to non-neutral postures is one
among several physical risk factors at workplace. While part 1 of the
study described in this paper showed that mobile platforms do not
appear to increase the orchard workers’ exposure to awkward posture
associated with apple harvesting, part 2 of study (Thamsuwan et al., in
press) presents the repetitive motion of apple harvesting, which is
another ergonomic risk factor that should also be considered when
deciding whether an intervention should be used. The next study could
focus on how to help workers use the mobile platforms more efficiently.
Other research questions that could be addressed include the following:
How do farm owners and farmworkers understand the benefits of
technology such as mobile platforms in terms of health, besides eco-
nomic advantage? What are the constraints that prevent the extensive
use of the mobile platform? Qualitative research may play an important
role in figuring out the way to implement new technology.

5. Conclusion

Applying the methodology developed and validated in the previous
study (Thamsuwan et al., 2019) to characterize the postures of workers
harvesting apples, this study was able to compare the upper arm and
back inclination of workers harvesting apples while using ladders and
mobile elevated orchard platforms. The platform workers had lower
exposures to upper arm flexion and abduction than the ladder workers
whereas there were no differences in back inclination between the
ladder and platform workers. Therefore, this study suggested, when
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possible, mobile platforms may be implemented to improve the ergo-
nomics of apple harvesting.
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