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Introduction: Archers face a notable annual risk of injury attributed to the
repetitive strain exerted on their upper body muscles and joints. This
groundbreaking study marks the first utilization of real-time motion tracking
combined with ergonomic analysis in archery research, eliminating the need for
extensive equipment setups and streamlining data collection.

Methods: Thirteen participants were involved, undertaking four tasks with varying
draw weights of bows and target positions.

Results: The precise recording of human movements revealed distinctive
postures adopted by both genders across different tasks. Furthermore, an
assessment of exposed spinal force and its correlation with anatomical
variables was conducted, providing valuable insights into injury risks during
archery performances.
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1 Introduction

Prolonged and intense training, coupled with insufficient rest and recovery, is a known
precursor to musculoskeletal injuries in athletes (Aicale et al., 2018). In the realm of archery,
the repetitive strain placed on the upper body muscles and joints significantly increases the
risk of injuries, such as cumulative fatigue and diminished neuromuscular control (Legend,
2023b). Furthermore, the combination of repetitive stress and inadequate time for tissue
repair escalates the potential for both acute and chronic lesions (Barr and Barbe, 2002).
These injuries not only impact archers’ immediate performance but also pose enduring
threats to their physical health (Niestroj et al., 2017). Reports from the archery trade
association (Management, 2015) indicate a relatively high annual injury rate, exceeding one
percent per 1,000 participants. The continuous drawing and releasing of the bowstring,
coupled with inadequate rest, can give rise to conditions such as rotator cuff injuries,
tendonitis, string slap, and muscle strain injuries (Legend, 2023b). In elite archers, overuse
injuries are most commonly observed in the shoulder, particularly in the drawing arm
(Niestroj et al., 2017). Consequently, it is imperative to implement proper training
techniques, incorporate sufficient rest periods, and adopt injury prevention strategies to
optimize archers’ performance and mitigate the risk of musculoskeletal injuries.
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Numerous prior studies have focused on analyzing the mechanical
loads placed on the shoulders during archery. Electromyographic
(EMG) techniques, as seen in some studies, were employed to gauge
upper and lower trapezius activity (Liao et al., 2022). Advanced
methodologies, including 3D modeling with CT and MRI imaging
data, were utilized to simulate and reconstruct bone and rotator cuff
muscles, providing insights into its mechanisms, due to the mechanical
loading asymmetrically placed on both arms (Guo et al., 2022). Another
study aimed to enhance archer performance by examining muscle
activity and comparing shoulder kinematics between archers with
shoulder impingement syndrome and uninjured counterparts
(Shinohara et al., 2014).

Moreover, certain investigations focused on the back injuries incurred
by archers. Notably, one study observed archers employing excessive arch
in their lower back, leading to the overuse of incorrect lower-backmuscles,
ultimately impacting shot strength and technique. Another report
emphasized the significance of back tension in archery, particularly in
enhancing elite archers’ performance (Yi et al., 2007). However, we
observed that there was a lack of comparison with alternative training
interventions and potential performance bias making it more difficult to
fully reflect a real archery scenario (Liao et al., 2022).

Furthermore, limitations such as a restricted sample size and lack of
diversity reduced the statistical power and increased the sample error
and the risk of bias. For instance, a study conducted solely on a 22-year-
old male exemplifies the limited demographic representation (Guo
et al., 2022). Additionally, a cross-sectional design in another study
constrained the ability to establish a temporal relationship between
shoulder kinematics and time (Shinohara et al., 2014).

The systematic review conducted by Vendrame et al. (2022)
encompasses a comprehensive analysis of prior studies, which focus
on utilizing EMG to explore the shooting movement of archers,
maintaining optimal emotional conditions to enhance performance,
tracking heart rate and nervous system responses during the shooting
gesture, examining the archer’s balance both pre and post arrow release,

and assessing the reaction time of archers. However, there remains a
lack of studies involving the use of DHM specifically in archery.

Currently, the digital human modeling (DHM) technique finds
widespread application across diverse research domains. In sports
biomechanics, DHM has proven invaluable for analyzing and
optimizing the biomechanics of athletes’ movements,
encompassing the assessment of joint forces, muscle activation
factors, and body kinematics in sports like golf, tennis, and
swimming (Maurice et al., 2019). Beyond athletics, DHM has
been employed in studies focusing on workplace ergonomics to
prevent work-related musculoskeletal injuries by evaluating human
performance (Ji et al., 2023c). Additionally, the DHM technique has
played a crucial role in research related to automotive safety,
simulating human responses in car crashes (Wang et al., 2021).

DHM stands out as a tool capable of creating highly detailed
virtual human models that simulate real anatomical features, joint
motions, and muscle activation properties (Duffy, 2012). Moreover,
DHM provides an alternative to traditional data collection methods
by avoiding the need for extensive equipment setups and reducing
the time required for data collection (Schall Jr et al., 2018).

However, the setup process can extend to several hours in the
traditional DHM technique even though a single simulation task may
only demand a few seconds (Rhén et al., 2018), as every joint movement
must manually input into the program. Thus, many of the previous
studies were primarily focused on static pose analysis (Cao et al., 2013;
Paul and Quintero Duran, 2015; Quintero-Duran and Paul, 2018),
because it is a time-consuming process to imitate the realistic human
movement. Additionally, the susceptibility to errors during setup is
noteworthy, and even a minor deviation in joint angles within DHM
posturing can lead to substantial discrepancies in estimated forces
exposed on the lower back (Chaffin, 2005).

To comprehensively assess injury risks in the sports sector, it is
imperative to use a simulation that represents full-body kinematics
rather than relying on a sequence of disjointed static poses. This

FIGURE 1
The integrated DHM_Xsens (A) and the corresponding DHM_JACK (B).
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approach facilitates the identification of all potential awkward postures
that could lead to injuries during task performance. Therefore, our study
marks the pioneering effort in concentrating on injury assessment during
archers’ performances, utilizing advanced motion tracking techniques
and ergonomic tools. Employing the DHM technique to simulate the
intricatemotions involved in drawing and releasing the bowstring enables
a precise identification of mechanisms that may contribute to archers’
injuries. Additionally, the integration of kinematic data onto the model
significantly reduces the setup time compared to traditional DHM
manual posturing. This technology effectively addresses a previously
existing gap in the analysis of injury risks within the sports sector.
Furthermore, this research not only offers archers the prospect of
enhancing their performance through adjustments to improper poses
but also lays the foundation for developing injury prevention programs.
The analysis will focus on establishing correlations between key kinematic
motion data and predicted spinal forces or joint torques, providing
valuable insights for injury mitigation strategies.

2 Methods

2.1 Subjects and system setup

Participants must be in good health and free from any conditions
that could impede the movement of their legs or arms. We recruited a
total of thirteen college students with varying levels of experience in
archery, primarily from the archery club. The participants’ ages ranged
from 19 to 26 years. Each subject underwent guidance through the
shooting sequence and was instructed to perform at their best, regardless
of prior archery training. Each shooter was providedwith an opportunity
to warm up, and this warm-up routine was repeated every time they
switched bows until they felt adequately prepared to begin. The range

was overseen by a certified archery coach who provided guidance on the
shooting procedure, ensuring participants were well-instructed on safe
and methodical shooting practices beforehand.

This study enrolled thirteen participants, with average body
weights of 75.4 ± 20.4 kg for males and 66.2 ± 17.2 kg for females.
The average body heights were 174.7 ± 9.6 cm for males and 162.5 ±
7.5 cm for females. In the orientation phase, key segment lengths were
measured to facilitate the creation of digital human models (DHMs).
These measurements included arm span, shoulder and hip widths, as
well as the lengths of the upper and lower limbs for each participant.

For each participant, two DHMs were created to analyze their
kinematic outcomes and assess forces applied to the fourth/fifth (L4/
L5) lumbar spine. The DHM_Xsens was generated within the Xsens
MVNAnalyze software (Xsens, 2022) to capturemovements, while the
DHM_JACK was generated through the JACK Siemens PLM software
(Siemens, 2018) for ergonomics analysis. There are 17 inertial sensors
secured to the body segments for each subject, which include head,
shoulders, upper arms, forearms, hands, sternum, hip, upper legs,
lower legs, and feet, followed by Xsens instructions (Xsens, 2022).
Seamlessly integrating both software platforms ensured alignment
between the skeletal segments of DHM_Xsens and DHM_JACK to
achieve the replication of real human motion, as depicted in Figure 1.

2.2 Operational tasks

Four tasks were designed in this study. Each participant was
tasked with employing two bows, featuring draw weights of 20 lbs
(net weight: 9 kg) and 25 lbs (net weight: 11 kg), as illustrated in
Figure 2A, while aiming at two targets positioned at distances of
1.0 and 1.4 m from the center of the targets to the floor, as illustrated
in Figure 2B. Additionally, the subjects were situated 10 yards away

FIGURE 2
(A) Two bows with the draw weights of 20 lbs (right) and 25 lbs (left). (B) Two targets positioned at distances of 1.0 and 1.4 m from the center of the
targets to the floor.
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from both targets. Each of the four tasks underwent repetition five
times. Every participant was instructed to utilize a bow with a draw
weight of 20 lbs initially and aim at both the bottom and top targets.
Subsequently, participants were directed to switch to a bow with a
draw weight of 25 lbs and repeat the aiming process at both the
bottom and top targets.

Task#1: pulled a bowwith the drawweight of 20 lbs and aimed at
the bottom target.

Task#2: pulled a bowwith the drawweight of 20 lbs and aimed at
the top target.

Task#3: pulled a bowwith the drawweight of 25 lbs and aimed at
the bottom target.

Task#4: pulled a bowwith the drawweight of 25 lbs and aimed at
the top target.

To achieve a successful shot, the subjects should follow a sequence
of movements, which include 1) stance; 2) nock; 3) hook and grip; 4)
posture/alignment; 5) raise bow; 6) draw; 7) anchor; 8) transfer to hold;
9) aim; 10) release/follow through; 11) feedback.

2.3 Data analysis

The forces applied to pull the bowstrings were measured using a
digital force gauge (SF-500). During each participant’s performance,
we employed a band tape to measure the distance between the
bowstring and the center of the bow handle. Subsequently, the
applied force was measured using a force gauge as the bowstring was
pulled to a consistent length.

The posture illustrated in Figure 3 was identified as potentially
posing an injury risk due to the significant force applied on the bow
through both hands during the shooting sequence. This was monitored
through real-time readings obtained from the JACK Siemens software.

To evaluate the injury risk associated with this posture, this study
examined the compressive spinal force at the L4/L5 level, along with
pertinent joint angles including shoulders, elbows, and trunk. The
compressive forces applied to the fourth/fifth lumbar spine were
calculated based on the posture adopted by participants and the
load exerted by each hand, as shown in Figure 4.

2.4 Statistical analysis

A two-way analysis of variance (ANOVA) was performed to
evaluate anatomical joints and forces exerted on the lower back,
considering both tasks and genders as factors. The statistical
significance threshold was set at 0.05. Furthermore, cross-
correlation (r value) calculations were employed to explore
potential relationships between any two of the main variables,
offering insights into potential injury risks.

FIGURE 3
The identified posture may cause a potential injury risk.

FIGURE 4
The spinal force was estimated based on the force exerted by each hand and the posture adopted by each participant.
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3 Results

Table 1 presents the anatomical joint angles and the estimated
spinal force exerted on the lower back. The results were average across
five trails. The abbreviations “20B,” “20T,” “25B,” and “25T” denote
bows with draw weights of 20 lbs and 25 lbs aimed at bottom and top
targets, respectively. “AVE_F” and “AVE_M” represent average results
for females andmales. “Comp” indicates the exposed compressive force
on the lower back, while “R_Shoulder,” “L_Shoulder,” “R_Elbow,” and
“L_Elbow” signify the right and left shoulders and elbows. Additionally,
“F/E,” “Abd/Add,” and “Rot” denote the movements of flexion/
extension, abduction/adduction, and rotation, respectively.

The maximum and minimum values of compressive forces and
the corresponding joint angles were graphically depicted in Figure 5
for both males and females in each testing scenario (20B, 20T, 25B
and 25T). Additionally, the mean value and standard deviations
were incorporated into the plots.

In the results of the statistical analysis, while the p-value for
flexion/extension in the right shoulder between genders was
0.06 when drawing the 20 lbs bow and aiming at the top target
(20T), the observed difference was substantial, reaching 13° (AVE_
F= 33.76°; AVE_M=46.67°). Furthermore, a significant gender
difference was identified for abduction/adduction in the left
shoulder during the drawing of the 25 lbs bow and aiming at
both targets (25B: p=0.04; 20T: p=0.03). Specifically, in the 25B
scenario, the AVE_F was 74.70°, and the AVE_M was 83.39°.
Similarly, in the 25T scenario, the AVE_F was 75.78°, and the
AVE_M was 84.39°. Besides, no significant gender differences
were observed in the comparison of other variables.

In examining the correlation coefficients between variables, a
moderate correlation emerged between trunk flexion/extension and
compressive force, indicated by an r value of 0.40. Additionally, a
notable high correlation was identified between body weight and
compressive force, with an r value of 0.62.

4 Discussion

This study provided archers the chance to comprehend potential
injury risks during their shooting performances. The adopted

postures and the corresponding applied force on the lower back
were examined using advanced motion tracking technique and
ergonomics tools.

When comparing anatomical joint angles between genders, a
significant difference was observed in the abduction/adduction of
the left shoulder when drawing the 25 lbs bow at both top and
bottom targets. Males exhibited approximately a 10° larger
abduction angle than females while pulling the bowstring and
aiming at the targets. However, no significant gender difference
was noted when using the 20 lbs draw weight bow. A relatively small
abduction of the left shoulder indicates that the left upper limb was
distant from the horizontal axis, while a large abduction suggests it
was close to or aligned with the horizontal axis. Notably, there was
minimal variance in the abduction/adduction of the left shoulder
among females when using both 20 lbs and 25 lbs bows. In contrast,
males exhibited increased abduction of the left shoulder when
transitioning from the 20 lbs to the 25 lbs bow. This could be
attributed to differences in muscle strength between males and
females (Patel and Parmar, 2022). As the draw weight increased,
females may find it challenging to fully draw the bowstring in
comparison to males.

In the comparison of the right shoulder, males exhibited a 10°

greater flexion than females when using a 20 lbs draw weight bow.
However, when transitioning to the 25 lbs draw weight, females
had to apply increased force to pull the bowstring. Consequently,
the exerted pulling force by females led to a corresponding
increase in the adopted flexion angle, resulting in a similar
flexion of the right shoulder between males and females when
both used the 25 lbs bow. A substantial flexion of the right
shoulder indicates that the right upper limb was positioned far
from the subject’s frontal plane, whereas a relatively small flexion
suggests it was close to or aligned with the frontal plane.
Considering the variance in isometric muscle force between
genders, males could maintain the same pose with bows of
20 lbs and 25 lbs, respectively. In contrast, females had to
exert more force to pull the bowstring, directly influencing
one of the most crucial archery postures, the Anchor (Legend,
2023a), used by archers to aim at targets.

Moreover, in comparing the force exerted on the lower back
between females and males, there was an approximate difference of

TABLE 1 The anatomical joint angles and the estimated exposed spinal forces at the pose where a high injury risk may exist.

Comp (N) R_Shoulder (°) L_Shoulder (°) R_Elbow (°) L_Elbow (°) Trunk (°)

F/E Add/Abd Rot F/E Add/Abd Rot F/E F/E F/E

20B AVE_F 538.02 37.71 114.06 −39.51 19.96 73.86 −38.31 158.02 −0.76 −7.19

AVE_M 665.26 44.51 107.43 −46.31 9.85 80.32 −43.69 156.95 −0.69 −2.62

20T AVE_F 511.02 33.76 117.10 −40.60 17.97 74.84 −35.32 156.93 1.01 −9.01

AVE_M 581.02 46.67 105.57 −46.63 9.24 79.91 −43.47 156.71 −0.03 −2.42

25B AVE_F 558.46 41.69 115.41 −40.99 14.46 74.70 −37.87 156.42 6.95 −7.17

AVE_M 662.19 45.49 104.67 −44.31 9.23 83.39 −43.63 157.94 −3.17 −4.28

25T AVE_F 554.89 40.13 113.96 −40.94 17.50 75.78 −37.64 158.03 2.14 −9.75

AVE_M 618.07 47.25 104.88 −45.52 9.26 84.39 −44.85 157.37 −1.20 −3.39
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80 N, with males exerting more force than females when using both
20 lbs and 25 lbs bows. This disparity could be attributed to gender
differences in trunk flexion. Our findings align with previous studies
(Ji et al., 2023a; Ji et al., 2023b; Ji et al., 2023c), indicating that a
significant trunk flexion may lead to an increased exposed spinal
force. Another contributing factor to the higher exposed spinal force
in males compared to females might be the variation in body weight.

We observed a moderate correlation (r=0.62) between body weight
and compressive spinal force, suggesting that greater body weight
supported by the lower trunk may elevate the load on the spinal
discs. This aligns with previous research (Ghezelbash et al., 2016).
Consequently, individuals with greater body weight, coupled with
awkward postures and higher draw weight bows, may increase the
risk of lower back injuries (WA, 2023).

FIGURE 5
(Continued).

Frontiers in Medical Engineering frontiersin.org06

Ji et al. 10.3389/fmede.2024.1375520

https://www.frontiersin.org/journals/medical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmede.2024.1375520


5 Conclusion

This study employed the advanced Xsens motion tracking
system and ergonomic tools to estimate the exposed spinal
force on the lower back of archers. Anthropometric variables,
such as body weight and trunk flexion/extension, were
identified as potential contributors to significant differences
in exerted spinal force. Additionally, variations in muscle
biomechanics emerged as another factor leading to
noticeable biases in adopted postures between males and
females. To mitigate the risk of lower back (Prine et al.,
2023) and shoulder (Gimigliano et al., 2021) injuries among
archers and enhance their performance skills, maintaining
upper body strength through training, controlling body
weight, and ensuring a straight and natural position of the
spine and shoulders are crucial measures.

Enhancing the study could involve recruiting a larger number of
volunteers and expanding the variety of archery bows with different
draw weights. This augmentation would enable a more
comprehensive assessment of Rapid Upper Limb Assessment
(RULA). Specifically, with regard to bows featuring larger draw
weights, there is a potential for an elevated risk of upper limb issues
among archers that warrants careful consideration.
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