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1. Introduction

Abstract

Asymmetric sports, such as ice hockey, impose repetitive and complex loads on the
spine, yet the specific biomechanical demands on the thoracolumbar junction re-
main inadequately quantified. This case study aimed to investigate the three-dimen-
sional kinematic and kinetic profile of the spine during an Ice-hockey Swing. A
healthy male participant was analyzed using a 3D motion capture system, and the
collected data was used to drive a personalized OpenSim musculoskeletal model.
Inverse kinematics and inverse dynamics were then performed to calculate the joint
angles and reaction forces at the thoracolumbar joint (T12-L1). The results revealed
two key findings: 1) Kinematically, the T12-L1 joint motion was dominated by lat-
eral bending (range of motion: approx. 2.4<2.6), which exceeded movement in the
sagittal and transverse planes. 2) Dynamically, this movement subjected the T12-
L1 segment to immense multi-axial loads, with peak axial compressive forces
reaching nearly 5,500 N and peak shear forces approaching 2,500 N. It was con-
cluded that the primary biomechanical challenge of the Ice-hockey Swing is not
purely rotational but rather a complex 3D motion dominated by lateral bending,
which generates substantial compressive and shear stresses. These findings high-
light the critical need for training and injury prevention programs to emphasize 3D
core stability, particularly the capacity to resist both lateral bending and rotation.

Keywords

Biomechanics; Ice-hockey Swing; Lumbar spine; Musculoskeletal modeling; Lat-
eral bending; Asymmetric sport

Human movement is a fundamental expression of life, whose complexity and precision depend on the sophisticated
coordination of multiple systems, including the skeletal, muscular, and nervous systems. Within this intricate kinetic
chain, the lumbar spine serves as the core of the trunk, playing a pivotal role in linking the upper and lower body,
transferring loads, maintaining stability, and enabling multi-dimensional motion. Numerous sports, such as ice
hockey and tennis, involve core techniques that are markedly asymmetrical, requiring athletes to predominantly rely
on one side of the body and thereby imposing asymmetrical musculoskeletal loads. While this long-term, unilateral
dominant loading pattern can drive athletic adaptations, it may also induce chronic changes in the spine, including
the development of functional or even structural lateral curvature and significant muscular imbalances. These alter-
ations not only affect the normal mechanical load transfer and dynamic stability of the spine but may also, through
cumulative effects over time, increase the risk of chronic low back pain and spinal degenerative changes, posing a
potential threat to an athlete's health.

Over the past few decades, researchers have extensively explored lumbar spine biomechanics through various
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means. Classic in vivo studies, such as Nachemson's [1] direct measurements of intradiscal pressure, revealed dif-
ferences in the loads sustained by the intervertebral discs during various postures and activities, laying a cornerstone
for subsequent spinal loading research. Regarding injury mechanisms, Adams and Dolan [2], through their research
on intervertebral disc degeneration, identified distinct phenotypes and their association with the mechanical envi-
ronment. Meanwhile, Callaghan and McGill [3] clearly demonstrated the role of cumulative mechanical damage in
disc herniation through in vitro repetitive flexion-extension loading experiments. Furthermore, Rohlmann et al., [4]
utilized sensor-equipped implants to achieve direct in vivo measurement of dynamic spinal loads during daily ac-
tivities, providing valuable data for understanding spinal forces in real-life conditions.

In the realm of kinematics and stability, Panjabi's theory of the spinal stabilizing system, which treats passive
structures, active muscles, and neural control as an integrated whole, has profoundly influenced our understanding
of lumbar function and dysfunction [5]. Modern motion analysis technology has made it possible to precisely quan-
tify the three-dimensional kinematic characteristics of the lumbar spine during specific movements, such as the Ice-
hockey Swing [6], thereby aiding in the identification of high-risk movement patterns. Concurrently, the effects of
different body postures on spinal load, muscle activity, and disc deformation have been supported by detailed mus-
culoskeletal modeling studies [7]. Moreover, individual anatomical differences, such as pelvic morphological pa-
rameters, have been shown to be closely related to spinal alignment and facet joint orientation, consequently influ-
encing the biomechanical behavior of the lumbar spine [8]. To ensure research accuracy and comparability, meth-
odologies themselves are continuously advancing; for example, Dreischarf et al., optimized loading protocols for in
vitro spinal motion simulation.

However, there remains a lack of detailed quantification of the three-dimensional dynamic kinematic and kinetic
parameters of the spine in ice hockey players during various asymmetric tasks. Furthermore, the intrinsic relation-
ship between these parameters and individual static spinal alignment (e.g., the presence of functional scoliosis or
rotation) and muscle function (e.g., the bilateral strength and activation symmetry of core muscles) is not well
established. This study aims to systematically investigate the biomechanical effects of typical sport-specific asym-
metric tasks in ice hockey on spinal stress distribution and core muscle coordination patterns by integrating tech-
niques such as three-dimensional motion capture, force platforms, surface electromyography, and musculoskeletal
biomechanical modeling and simulation.

2. Experiment and Method

To precisely investigate the dynamic effects of a high-speed, high-torque swing motion on the spine, experimental
measurement and computer simulation were integrated in this study. Specifically, three-dimensional motion capture
and analyzing technology was used to acquire the kinematic data of swing motion. This data was then used to drive
a OpenSim musculoskeletal model that includes the detailed lumbar spine structure, enabling the quantitative anal-
ysis of the internal loading patterns at the thoracolumbar junction (T12-L1) throughout the complete motion cycle.

2.1 Participant

This study was conducted as a single-subject case analysis. The participant was a healthy male with a height of 1.70
m and a weight of 60 kg. The subject had no history of major musculoskeletal injuries in the past six months and
provided written informed consent after being fully briefed on the experimental procedures.

Jj,'1

Figure 1. The subject performing the experimental task.
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2.2 Data Collection

Kinematic data were collected using a Vicon motion capture system (Oxford, UK) with a sampling frequency of
100 Hz. In accordance with the marker set requirements of the FBLS (Full Body Lumbar Spine) model, reflective
markers were placed on key anatomical landmarks across the subject's entire body to track the three-dimensional
motion of the trunk (thoracic and lumbar spine), pelvis, hip joints, knee joints, and limb segments.

The subject was instructed to perform the following two tasks:

(1) The subject stood in a natural, relaxed posture at the center of the capture volume with arms hanging naturally
at their sides and feet shoulder-width apart. Five seconds of static data were collected to be used for subsequent
musculoskeletal model scaling and calibration.

(2) Using an ice hockey stick, the subject performed three complete swing motions at a designated location. The
trial of the best quality was selected for subsequent analysis in this study. All collected three-dimensional marker
coordinate data were saved in C3D file format.

2.3 Data Processing and Musculoskeletal Modeling

The experimentally collected C3D files were imported into the MATLAB environment (R2021b, The MathWorks,
Inc.). Custom scripts were run to preprocess the raw data and perform format conversion, ultimately outputting a
marker trajectory (.trc) file compatible with the OpenSim software.

This study utilized the open-source biomechanics software OpenSim 4.3 for modeling and simulation analysis.
The specific workflow was as follows:

(1) Model Selection and Scaling:

The FBLS (Full Body Lumbar Spine) [1] model was selected for this study. This model includes detailed lumbar
spine segments, making it suitable for investigating spinal loading. The trc file from the static standing trial was
imported into OpenSim. The Scale Tool was used to scale the generic FBLS model based on the subject's marker
positions, matching the model's dimensions and mass-inertial properties to the subject's anthropometric character-
istics. During this process, the positions of the virtual markers on the model were also adjusted to minimize the error
between them and the experimental markers.

(2) Inverse Kinematics (IK):

The trc file of the swing motion was imported into the personalized, scaled model.

The Inverse Kinematics (IK) Tool was then performed. This tool uses an optimization algorithm to solve for a
set of joint angle time series that best match the experimental marker trajectories. The output of this step is a kine-
matic file that enables the model to accurately replicate the subject's actual swing motion.

(3) Dynamics Analysis:

Based on the joint angles calculated from inverse kinematics and the model's mass-inertial properties, the Inverse
Dynamics (ID) Tool was performed to calculate the net joint moments required to produce the observed motion.
Finally, the Joint Reaction Analysis tool was executed. This analysis utilizes the previously calculated kinematic
and dynamic results to compute the internal loads at specific joints. This study focused on the thoracolumbar junc-
tion, extracting and analyzing the three-dimensional joint reaction forces at the T12-L1 segment during the swing
motion, including compressive, anterior-posterior shear, and medial-lateral shear forces.

3. Result and Discussion
3.1 Multi-joint Kinematic Characteristics and Full-body Coordination Pattern

During swing, the hip joint exhibited rotation in all the three anatomical planes. The results showed that the range
of motion in flexion/extension was the most significant, far exceeding that of abduction/adduction and internal/ex-
ternal rotation.

The kinematic analysis of the knee joint revealed two distinct scales of motion. The primary motion was the large-
range flexion/extension between the femur and the tibia, while another parameter (the "beta" parameter) represented
the minor sliding of the patella relative to the femoral articular surface, which had a very small range of motion.
The large range of hip flexion/extension is crucial for generating power and maintaining body posture, dominating
the body's motion in the sagittal plane. The detailed analysis of the knee joint, which distinguished between the
primary joint motion and auxiliary intra-articular sliding, demonstrates the depth and precision achievable through
biomechanical analysis. An efficient swing motion requires sufficient force generation and mobility from the lower
limbs, particularly the hips. This facilitates the upward transfer of ground reaction forces to the trunk and may, to
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some extent, offload the burden on the lumbar spine, directly reflecting the concept of the “kinetic chain.”
3.2 Lumbar Spine 3D Kinetic and Kinematic Analysis

Through OpenSim musculoskeletal model simulation, this study successfully quantified the three-dimensional dy-
namic joint reaction forces sustained by the thoracolumbar junction (T12-L1 segment) of a single subject during a
swing motion. The analysis results, presented as force-time curves (Figure 2), reveal the complex loading patterns
at this joint in the anterior-posterior (Fx), superior-inferior (Fy), and medial-lateral (Fz) directions.
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Figure 2. 3D force components at the T12-L1 segment for different movement postures (A-E).
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Axial Compression Force (Fy): The axial compression force (Fy) was consistently the most significant load com-
ponent acting on the T12-L1 segment, exhibiting dramatic dynamic fluctuations throughout the motion cycle. Peak
compressive forces differed significantly among the various techniques. For instance, in the movement shown in
Figure 2A, the peak repeatedly reached approximately 2,800 N. In contrast, Figure 2E displays the maximum ob-
served load, with its peak soaring to nearly 5,500 N—more than double the peaks seen in other phases. The action
in Figure 2C also generated considerable force, with peaks exceeding 4,500 N. Even during the lower-intensity
phases of the cycle (the "troughs" in the figures), the baseline compressive force remained substantial, typically
ranging from over 1,000 N (Figures 2B and 2D) to above 2,000 N (Figures 2C and 2E). This highlights the sustained
and high-intensity compressive loading experienced by the T12-L1 segment during these movements.

Anterior-Posterior Shear Force (Fx): Figure 2A shows a pronounced asymmetry in this shear force component,
with a peak posterior shear force of approximately -1,500 N, far exceeding the peak anterior shear force of +500 N.
This indicates a strong, posteriorly directed force during this specific movement. In contrast, Figure 2D demon-
strates a more balanced, bidirectional shear force distribution, oscillating between approximately +800 N and -800
N. Under the highest loading conditions observed in Figures 2A, 2C, and 2E, peak posterior shear forces in the -
1,500 N range were consistently produced, suggesting that powerful trunk rotation and flexion impose significant
posterior shear stress on the lumbar spine.

Medial-Lateral Shear Force (Fz): The direction and magnitude of the lateral shear force varied significantly be-
tween different movements. In Figure 2A, this force was almost entirely positive, with a peak approaching +2,000
N. Conversely, the action in Figure 2B generated predominantly negative forces, reaching approximately -1,000 N,
which indicates a primary force in the opposite direction. Figure 2E exhibited the most extreme bidirectional lateral
loading, with forces cyclically fluctuating between a peak of approximately +2,500 N on one side and -1,500 N on
the other. This wide range highlights how different phases of a complex, asymmetric movement can impose rapidly
changing and high-magnitude shear stresses on the lumbar spine, which is crucial for understanding injury mecha-
nisms associated with unilaterally dominant movements.

The analysis of the three-dimensional angles of the T12-L1 joint in the sagittal, coronal, and transverse planes
yielded a key finding: during the analyzed swing motion, the change in the lateral bending angle in the coronal plane
was the largest, with its absolute value (approx. 2.4<2.6 exceeding that of flexion/extension in the sagittal plane
and axial rotation in the transverse plane. By summing the motion angles of the individual lumbar segments (L1-
L2, L2-L3, L3-L4, L4-L5) in each plane, an overall motion profile for the entire lumbar spine can be obtained.
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Figure 3. Kinematic Coordination Patterns of the Lumbar Spine and Knee Joint.

4. Conclusion

This study, integrating multi-joint and multi-dimensional analysis, reveals the overall biomechanical profile of the
swing motion: it is a full-body movement driven primarily by the hips, with forces transmitted through the trunk.
During this process, the lumbar spine does not undergo simple rotation; instead, it exhibits complex three-dimen-
sional motion dominated by lateral bending. This unique movement pattern leads to the spine, particularly the thora-
columbar junction, sustaining immense, multi-axial internal loads. This series of findings underscores that during
training for ice hockey and other asymmetric sports, attention should be paid not only to power and rotational speed
but also, more importantly, to the three-dimensional stabilizing capacity of the core musculature, especially the
ability to resist lateral bending and rotation.

As a case study based on a single subject, the primary purpose of this research is to demonstrate a complete
biomechanical analysis workflow and interpretation method; therefore, the results are not generalizable. Future re-
search should expand the sample size and conduct comparative analyses of athletes at different skill levels and with
different swing styles (e.g., standard swing vs. backhand swing). Furthermore, the dynamic analysis in this study
was preliminary. Future work could integrate surface electromyography (SEMG) data to validate the model's muscle
activation predictions and to more deeply investigate neuromuscular control strategies. Finally, combining kine-
matic and dynamic data with injury history from questionnaires will help establish a direct link between biome-
chanical risk factors and actual sports injuries.
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