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Abstract

Baseball is one of the most popular sports in the United States, and numerous
studies have examined various aspects of its throwing mechanics, including
ball release characteristics, upper-limb biomechanics, common shoulder and
elbow injuries, and performance differences between left- and right-handed
players. Given the high incidence of overuse injuries—particularly among
pitchers—there is a growing need for advanced control strategies to optimize
joint and muscle coordination during throwing. This study aims to develop an
optimal control framework based on Sliding Mode Control (SMC) integrated
with a detailed dynamic model of the upper limb during the baseball pitching
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motion. The proposed model enables precise regulation of joint angles and
performance
musculoskeletal injury risk. The outcomes of this research have potential
applications in rehabilitation systems, pitching skill training, and the

torques, helping maintain  athletic

development of assistive robotic technologies.
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1- Introduction

Baseball is one of the most widely practiced sports
in the United States, and the pitching motion has
long been a major focus of biomechanical research
due to its repetitive, high-load nature and its strong
association with shoulder and elbow injuries[1-4].
Although previous studies have extensively
examined the kinematics, Kkinetics, and injury
mechanisms of pitching, fewer investigations have
explored the use of control strategies to actively
optimize joint motion and reduce musculoskeletal
risks during the throw[5-7]. This study aims to
develop a detailed dynamic model of the upper limb
during the baseball pitching motion and to design a

robust controller based on Sliding Mode Control
(SMC) for accurate tracking of joint angles and
regulation of applied torques[8]. The proposed
approach leverages the inherent robustness of SMC
against model uncertainties and external
disturbances, enabling more realistic simulation of
the pitching motion and offering potential for
reducing injury risk in repetitive high-speed actions.
The outcomes of this research provide valuable
insights for rehabilitation technologies, motor-skill
training, and the development of assistive robotic
systems for sports applications[9, 10].
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2- Research Methods

To derive the dynamic equations of the baseball
pitching motion, coordinate frames were assigned to
the shoulder and elbow joints, modeling the upper
limb with three degrees of freedom at the shoulder
(abduction—adduction,  flexion—extension, and
internal-external rotation) and one degree of
freedom at the elbow (flexion—extension)[11-13].
Joint angle trajectories were obtained using high-
speed motion capture of eight collegiate baseball
players (mean height 1.86 m, mean weight 84 kg)
and processed through a Direct Linear
Transformation (DLT) algorithm for full 3D
reconstruction[14, 15].

According to Figure 1 for the kinematic modeling
of the arm, the Denavit-Hartenberg (D-H)
convention was employed to describe the position
and orientation of each joint-attached coordinate
frame. Based on the identified D—H parameters,
homogeneous  transformation  matrices  were
formulated and sequentially multiplied to compute
rotation matrices and position vectors for all
segments.

Anthropometric  properties—including segment
length, mass, density, radius of gyration, and center
of mass—were determined from established
regression tables using the average body parameters
of the participants[16, 17]. These data were then
used to construct the inertia matrices, Coriolis and
centrifugal terms, and the gravitational torque
vector required for assembling the full dynamic
model of the upper limb[18, 19].

Elbow

Figure 1: Coordinate system setup

3- Results

The dynamic model of the upper limb was
formulated using the Lagrangian approach, with
joint torques serving as control inputs for tracking
the experimentally identified reference trajectories.
Simulation results show that the proposed Sliding
Mode Controller successfully tracks the desired
joint motions with high accuracy. The overall RMS
tracking error was approximately 0.67°, with peak
errors ranging from 1.15° to 2.87°, which is
acceptable for fast pitching motions (T = 0.5 s). The
tracking error rapidly decreased during the initial
0.1-0.2 s, converging to a narrow steady-state band
of 0.57°, indicating fast sliding-surface
convergence and strong robustness to modeled
disturbances.

The use of a saturation function instead of a sign
function effectively reduced chattering while
maintaining  acceptable  tracking  precision.
According Figure 2-Figure 5 ,analysis of joint
torques revealed higher torque demands at the
shoulder compared to the elbow, consistent with the
greater injury risk reported for the shoulder during
high-speed throwing. A sharp initial increase in
shoulder torque was also observed ,

corresponding to the rapid arm elevation at the onset
of the pitching motion. External disturbances and
model uncertainties were incorporated into the
simulations to evaluate the robustness of the
proposed controller. The results demonstrate that
the Sliding Mode Controller effectively maintains
system stability under these perturbations, keeping
the tracking error within a very small range. This
behavior highlights the inherent robustness of SMC
against uncertainties and disturbances, confirming
its suitability for controlling fast and highly
dynamic pitching motions. Comparative analysis of
the simulated and desired joint trajectories indicates
nearly complete overlap, with only minor deviations
occurring during rapid motion segments. These
small errors are quickly corrected by the controller,
demonstrating that the proposed Sliding Mode
Controller not only guarantees theoretical stability
but also achieves precise practical tracking of the
pitching motion. According to Figure 6-Figure 9 the
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proposed Sliding Mode Controller demonstrated
high accuracy in tracking the desired joint
trajectories, with RMS errors below 1° for all
degrees of freedom and maximum errors not
exceeding 3°, which are negligible from a
biomechanical perspective. Simulated and reference
trajectories nearly completely overlap, with
differences barely noticeable in graphical
comparisons. In addition to ensuring stability, the
controller exhibited strong robustness against
disturbances and model uncertainties. These results
indicate that the approach is effective and reliable
for high-speed precision-demanding

biomechanical tasks such as baseball pitching.

4- Conclusions

This study presents the design and implementation
of a robust Sliding Mode Controller (SMC) for a
four-degree-of-freedom biomechanical model of
the upper limb, comprising three shoulder and one
elbow degree of freedom, to analyze and control the
baseball pitching motion. Joint trajectories.
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Figure 9: Elbow flexion/extension
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