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Abstract
Background: High internal rotation torque on the shoulder joint during pitching is
a major contributor to shoulder injuries. Biomechanical efficiency, which balances
ball velocity against normalized joint torque, offers a valuable metric for improving
performance and reducing injury. This study aimed to identify kinematic characteristics
associated with shoulder internal rotation torque (IRT) biomechanical efficiency in
collegiate baseball pitchers. Methods: We analyzed data from 68 male pitchers
using multiple regression to assess relationships with 29 kinematic variables. The
pitchers were also divided into high- and low-efficiency groups for comparative analysis.
Results: Six variables were significantly associated with shoulder IRT efficiency,
explaining 41.3% of its variance. Notably, the high-efficiency group exhibited a
significantly smaller shoulder abduction angle at stride foot contact (SFC) (83.87± 6.7◦
vs. 89.19 ± 8.75◦, p = 0.022) and a significantly larger shoulder external rotation angle
at maximum external rotation (MER) (171.3 ± 8.33◦ vs. 165.2 ± 9.50◦, p = 0.027).
Conclusions: These results indicate that modifying these specific aspects of pitching
mechanics may enhance biomechanical efficiency by reducing the standardized load on
the shoulder joint relative to ball velocity, offering practical insights for injury prevention
training. However, coaches should note that increasing the angle of shoulder external
rotation should be achieved through controlled joint mobility rather than by excessively
demanding greater external rotation angles to avoid increasing the risk of injury.
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1. Introduction

Epidemiological studies indicate that shoulder overuse injuries
are the most prevalent injury type among baseball players
across all levels, accounting for 24% of all injuries. No-
tably, 73% of these shoulder injuries are triggered by the
pitching motion, with severe cases often leading to prolonged
absences from play [1–5]. Pitchers are particularly susceptible
to overuse injuries due to the substantial torques and forces
generated within and around the shoulder joint during high-
velocity pitching. The repetitive application of high-intensity
shoulder torques and forces can lead to progressive soft-tissue
degeneration and eventual failure [6–9]. According to the
“Kinetic Chain” principle, efficient baseball pitching requires
sequential energy transfer from the lower extremities through
the pelvis and torso to the pitching arm to generate high ball
velocities [10–13]. Incorrect pitching mechanics can cause
shoulder pain in pitchers due to inefficient energy transfer,
resulting in excessive compensatory rotational torque [14, 15].
Identifying specific biomechanical patterns that contribute to

high shoulder risk and reducing injury risk by correcting in-
efficient pitching motions has always been a focus for sports
scientists, pitchers, coaches, and clinicians, as highlighted
in recent comprehensive reviews of biomechanics in sports
performance and injury prevention [16, 17].

Previous research suggests that a reduced pelvic opening
angle (indicating delayed rotation) prior to stride foot contact
(SFC) and early trunk rotation contributes to an abnormal
increase in shoulder internal rotation torque (IRT) [18, 19].
Similarly, excessive contralateral trunk tilt (away from the
pitching arm side) is a significant factor contributing to el-
evated shoulder IRT [20, 21]. Among adolescent pitchers,
adopting a hand-on-top position and a closed-shoulder stance
has been associated with reduced shoulder IRT and improved
biomechanical efficiency [22]. The temporal relationship be-
tween pitching events is also predictive of shoulder IRT, which
increases as the time interval between foot touchdown and
peak pelvic rotation velocity decreases [23, 24]. Additional
studies have investigated the relationship between upper limb
loading and factors such as stride length, lead knee angle, and
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knee extension angular velocity [25–27]. Critically, among
these identified biomechanical factors influencing shoulder
IRT, kinematic features (e.g., trunk tilt angle, pitching posture,
event timing) are generally considered easier to train and mod-
ify [28].
An ideal pitching motion should, therefore, generate high

ball velocities while minimizing the shoulder joint IRT.
Biomechanical efficiency—defined as ball speed/normalized
joint torque—is the key metric quantifying this balance. A
combination of high ball velocity (indicating performance)
and low normalized shoulder IRT (indicating lower injury
risk) results in higher shoulder joint biomechanical efficiency.
Biomechanical efficiency has been extensively employed
to evaluate pitching mechanics related to the varus torque
of the elbow joint in baseball, yet, systematic research on
shoulder joint biomechanical efficiency remains lacking
[29, 30]. This gap is significant given that shoulder IRT
itself is a key injury risk factor. Furthermore, methodological
variations across existing studies—including differences
in data collection protocols, participant populations (e.g.,
age/skill level), and efficiency calculation methods—hinder
systematic comparison and identification of the most critical
and pervasive risk or efficiency factors.
Therefore, this study aimed to systematically investigate

the association between modifiable pitching kinematic char-
acteristics and shoulder internal rotation torque (IRT) biome-
chanical efficiency. Specifically, we hypothesized that spe-
cific kinematic characteristics would be significantly associ-
ated with shoulder IRT biomechanical efficiency. Identify-
ing modifiable kinematic characteristics associated with high
shoulder IRT biomechanical efficiency will provide a concrete
foundation for designing optimized pitching technique inter-
ventions [16]. Such interventions aim to maintain or increase
ball velocity while effectively reducing shoulder joint overload
risk.

2. Materials and methods

2.1 Participants
We retrospectively extracted subject data fromWasserberger’s
OpenBiomechanics Project database; all data collection took
place during training assessments conducted at Driveline Base-
ball Lab (Phoenix, Arizona) prior to 2022 [31]. After exclud-
ing poor datawe selected data from 68 college baseball pitchers
for analysis. Statistical data for all subjects includes: age 20.6
± 1.3 years, mass 88.77 ± 9.11 kg, height 1.84 ± 0.07 m,
and pitching speed 38.19 ± 1.92 m/s (85.43 ± 4.29 mph).
The Western IRB has granted ethical approval for all data
collection procedures within the OpenBiomechanics Project
(Western IRB #WB-DLR-115). After explaining the research
procedures, potential risks and benefits, the researchers ob-
tained the athletes’ verbal confirmation of understanding and
secured witnessed legal signatures.

2.2 Data collection procedures
At the Driveline Baseball Lab (Phoenix, Arizona), pitching
data was collected using motion capture to evaluate athlete
training. Following individualized warm-up routines—

including foam rolling, static and dynamic stretching,
resistance band exercises, and throwing—athletes removed
loose clothing. Laboratory staff then placed 47 reflective
markers on designated bony landmarks (locations shown in
Fig. 1) [30]. Subsequently, pitchers were given additional
time to acclimate to wearing the markers and pitching from
the mound. Full experimental procedures are detailed in
previously published papers [30, 32].
Once athletes indicated readiness, they threw maximum-

effort fastballs, the trial with the fastest pitch speed was used
for analysis. These were delivered from a standard mound to-
wards a strike zone target (Oates Specialties, LLC) positioned
18.44 m away above home plate. Kinematic data was captured
at 360 Hz by 14 cameras (Prime, OptiTrack, NaturalPoint Inc.;
Corvallis, OR, USA), while kinetic data was simultaneously
recorded at 1080 Hz via three force plates (Bertec Corp.;
Columbus, OH, USA). Motion capture software (Motive 2.2–
3.0; NaturalPoint Inc., Corvallis, OR, USA) synchronized both
datasets. The force plates were embedded under the turf pitch
surface (thickness = 0.013 m). One plate, positioned under the
drive leg, captured data during the windup and stride phases.
The other two plates, located in the pitcher’s landing zone (1.3
m to 2.2 m in front of the rubber), collected data after stride leg
landing. This landing zone plate was rotated ~4.8 degrees to
align with the mound tilt. Pitch velocity was measured using a
calibrated radar gun (Stalker Pro II; Stalker Sport; Richardson,
TX, USA) placed behind the home plate, parallel to the pitch
trajectory.

2.3 Data processing procedures
Kinematic and kinetic data underwent initial filtering in Vi-
sual3D (v6, professional, C-Motion, Germantown, MD, USA)
using a fourth-order Butterworth low-pass filter, with respec-
tive cut-off frequencies of 20 Hz and 40 Hz [30]. A global
coordinate system was established with the Z-axis vertical
(positive upwards), the Y-axis oriented towards the home plate,
and the X-axis perpendicular to the Y-Z plane.
The pelvis coordinate system utilized the CODA pelvis def-

inition (Charnwood Dynamics Ltd., UK) within Visual3D. Hip
joint centers were automatically calculated using previously
published equations [33]. The trunk model adhered to In-
ternational Society of Biomechanics (ISB) recommendations,
with the shoulder joint center determined as an offset from
the acromion markers, referencing Dr. George Rab’s model
(2002) [34, 35]. Joint centers for the ankle, knee, elbow, and
wrist were defined as the midpoint between their respective
medial and lateral markers.
Inverse dynamics (following Feltner and Dapena, 1989) was

employed to calculate pitching arm joint forces and torques
[36]. This approach estimates these parameters based on joint
kinematics and the inertial properties of adjacent segments.
Separate 7-degree-of-freedom (DOF) Inverse Kinematics (IK)
models were constructed in Visual3D for each upper limb:
Shoulder: 3 DOF (horizontal adduction/abduction, adduc-

tion/abduction, internal/external rotation).
Elbow: 2 DOF (flexion/extension, supination/pronation).
Wrist: 2 DOF (flexion/extension, ulnar/radial flexion).
The pitching motion was segmented into 3 phases [8] (see
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FIGURE 1. Marker set.

Fig. 2):
1. Stride Phase: From Maximum Knee Height (MKH) to

Stride Foot Contact (SFC).
2. Arm Cocking Phase: SFC to Shoulder Maximum Exter-

nal Rotation (MER).
3. Arm Acceleration Phase: MER to Ball Release (BR).
Key event definitions:
SFC: Ground reaction force (GRF) exceeding 10 N verti-

cally [20].
BR: Peak hand segment rotationwithin the global coordinate

system [37]. This kinematic release point substitute metric was
selected because it provides a stable method for determining
the release instant based on motion capture technology, which
has been employed in prior biomechanical studies of baseball
pitching [37].
Shoulder IRT was normalized to body weight in Newtons

multiplied by height in meters. Biomechanical efficiency was
calculated as ball velocity per unit of normalized joint torque
[29, 30]. Based on prior research, 29 kinematic parameters
were calculated for the pitching phase (Table 1) [29, 30, 38,
39].

2.4 Statistical analyses
Shoulder biomechanical efficiency was assessed using a se-
ries of statistical analyses. The dual analytical approach was
employed to address different research questions. Multiple
regression identified the complete set of kinematic variables
that collectively predict shoulder IRT efficiency across the
continuous spectrum of pitching performance. The supple-
mentary extreme group comparison (upper and lower 33%)
was conducted to identify which of these predictors demon-

strate the largest effect sizes and thus may represent the most
promising targets for practical coaching interventions. First,
Correlation analyses were performed on all variables and all
possible uncorrelated combinations of variables of interest and
shoulder joint IRT biomechanical efficiency were evaluated
to derive the optimal set of parameters. Second, multiple
regression was used to assess the relationship of the variables
of interest with shoulder IRT biomechanical efficiency. Inde-
pendence of the residuals was tested using the Durbin-Watson
test, multicollinearity between the variables was tested using
the Variance Inflation Factor (VIF), and the normal distribution
of the residuals was verified using residual histograms to
ensure that any traditional regression assumptions were not
violated [40, 41]. Then, high and low biomechanical efficiency
groups were formed based on the upper and lower 33% distri-
butions of the biomechanical efficiency metrics as in previous
studies [29]. Significant predictors of multiple regression, by
Mann-Whitney U test, were compared between high and low
biomechanical efficiency groups. All analyses were conducted
using SPSS (version 26, IBM, Armonk, NY, USA) a priori,
with α = 0.05 considered for statistical significance.

3. Results

The residuals of the regression results satisfied normality,
homogeneity of variance, and independence, and there was no
multicollinearity between the respective variables. Multiple
linear regression analysis showed that 6 kinematic variables
explained 41.3% of the variance in shoulder IRT biomechan-
ical efficiency (Table 2). Decreased elbow flexion angle,
shoulder abduction angle, and horizontal abduction angle at the
moment of SFC were associated with an increase in shoulder
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FIGURE 2. Phase division.

TABLE 1. 29 kinematic variables were identified based on previous studies.
Categorization Number Parameters (unit)
SFC

1 Step length (% height)
2 Stride leg knee angle (°)
3 Trunk longitudinal rotation angle (°)
4 Pelvic rotation angle (°)
5 Shoulder horizontal abduction angle (°)
6 Shoulder abduction angle (°)
7 Shoulder external rotation angle (°)
8 Elbow flexion angle (°)

MER
9 Shoulder external rotation angle (°)
10 Shoulder horizontal abduction angle (°)
11 Shoulder abduction angle (°)
12 Knee angle (°)
13 Elbow flexion angle (°)

BR
14 Stride leg knee angle (°)
15 Trunk forward flexion angle (°)
16 Trunk contralateral tilt angle (°)
17 Shoulder abduction angle (°)

SFC-BR
18 Max pelvis rotational angular velocity (MPAV) (°/s)
19 Max pelvis rotational angular velocity (MTAV) (°/s)
20 Relative trunk rotation velocity (%)
21 Max shoulder horizontal adduction angular velocity (°/s)
22 Max shoulder external rotation angular velocity (°/s)
23 Max shoulder internal rotation angular velocity (°/s)
24 Stride leg knee excursion angle (°)
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TABLE 1. Continued.
Categorization Number Parameters (unit)
Time

25 SFC to MER (ms)
26 SFC to MPAV (ms)
27 SFC to Max trunk rotational angular velocity (MTAV) (ms)
28 MPAV to MTAV (ms)
29 Trunk rotation onset time (%PC)

SFC: stride foot contact; MER: maximum external rotation; BR: ball release; MPAV: maximum pelvis rotational angular velocity;
MTAV: maximum trunk rotational angular velocity.

TABLE 2. Results of multiple linear regressions explaining variance in shoulder internal rotation torque
biomechanical efficiency.

Parameter Unstandardized coefficients Standardized coefficients p value
SFC elbow flexion angle (°) −1.716 −0.351 0.002
SFC shoulder abduction angle (°) −2.286 −0.254 0.025
Time MPAV to MTAV (ms) −1.576 −0.298 0.005
SFC shoulder horizontal abduction angle (°) −1.503 −0.230 0.034
MER shoulder external rotation angle (°) 2.863 0.312 0.006
MER knee angle (°) 1.727 0.023 0.049
R = 0.642, R2 = 0.413. SFC: stride foot contact; MER: maximum external rotation; MPAV: maximum pelvis rotational angular
velocity; MTAV: maximum trunk rotational angular velocity.

IRT biomechanical efficiency. Increasing shoulder external ro-
tation angle and knee flexion angle at the moment of MERwas
associated with increased shoulder IRT biomechanical effi-
ciency. In terms of temporal variables, reducing the maximum
pelvis rotational angular velocity (MPAV) to maximum trunk
rotational angular velocity (MTAV) time improved shoulder
biomechanical efficiency.
The results of the Mann-Whitney U tests between the high

and low efficiency groups showed no significant differences
between height, weight, and ball speed (Table 3). However,
the shoulder joint was subjected to a significantly greater IRT
in the low efficiency group (0.075 ± 0.005 vs. 0.055 ± 0.004
(%wt × ht), p < 0.001). Among the kinematic variables, the
shoulder abduction angle was significantly smaller at the SFC
moment in the high efficiency group and had a significantly
larger shoulder external rotation angle at theMERmoment. No
significant differences were found for the other four predictors
identified in the regression analysis (SFC elbow flexion angle,
Time MPAV to MTAV, SFC shoulder horizontal abduction
angle, and MER knee angle).

4. Discussion

The internal rotation torque (IRT) exerted on the shoulder joint
during pitching is considered to be a potential contributor to
shoulder injuries because the load is associated with rotator
cuff and glenoid labral pathology [6–9]. However, load is also
related to pitching velocity, and biomechanical efficiency has
often been used by researchers in recent years to better assess
baseball pitching technique [29, 42]. Evaluating the relation-
ship between pitching mechanics and shoulder joint biome-

chanical efficiency can maximize pitching velocity and the-
oretically minimize injury risk by reducing shoulder loading.
Our study found that 6 kinematic parameters explained 41.3%
of the variance in shoulder IRT biomechanical efficiency.
Although regression analyses cannot determine whether shoul-
der biomechanical efficiency is directly determined by these
factors, the probability of prediction based on these parameters
is high. Our findings also reinforce previously published
papers related to shoulder loading [22, 35].

It is noteworthy that while multiple regression identified
six kinematic variables as significant predictors of shoulder
IRT efficiency, only two of these (shoulder abduction angle
at SFC and shoulder external rotation at MER) demonstrated
significant differences in the extreme group comparison. This
discrepancy may reflect the different sensitivities of these
analytical approaches: regression models capture continuous
relationships across the full data spectrum, whereas group
comparisons highlight the most pronounced differences be-
tween biomechanical extremes. The four variables that were
significant in regression but not in group comparisons (SFC el-
bow flexion, SFC shoulder horizontal abduction, Time MPAV
to MTAV, and MER knee angle) may represent subtler mod-
ulators of efficiency that, while statistically relevant, do not
reach the threshold of practical significance for distinguishing
between high and low-efficiency performers. This distinction
is valuable for prioritizing coaching interventions, suggesting
that modifying shoulder abduction and external rotation angles
may yield the most immediate improvements in efficiency.

The 3 kinematic parameters contributing to shoulder IRT
biomechanical efficiency occur early in pitching (i.e., SFC)
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TABLE 3. Comparison of parameters between high and low efficiency groups.

Parameter Low Efficiency
(n = 22)

High Efficiency
(n = 22) p value

Height (m) 1.83 ± 0.06 1.86 ± 0.07 0.169
Mass (kg) 87.36 ± 7.86 88.18 ± 11.44 0.839
Ball velocity (m/s) 38.04 ± 1.84 38.01 ± 1.87 0.921
Normalized shoulder internal rotation torque (%wt × ht) 0.075 ± 0.005 0.055 ± 0.004 <0.001*
Pitching efficiency (mꞏs−1/%wt × ht) 510.8 ± 27.19 701.0 ± 63.47 <0.001*
SFC elbow flexion angle (°) 102.4 ± 16.03 96.45 ± 20.35 0.268
SFC shoulder abduction angle (°) 89.19 ± 8.75 83.87 ± 6.7 0.022*
Time MPAV to MTAV (ms) 14.82 ± 18.46 6.82 ± 9.82 0.126
SFC shoulder horizontal abduction angle (°) 45.06 ± 12.44 38.91 ± 15.60 0.229
MER shoulder external rotation angle (°) 165.2 ± 9.50 171.3 ± 8.33 0.027*
MER knee angle (°) 47.72 ± 9.69 51.99 ± 14.29 0.137
Data are shown as mean ± SD. SFC: stride foot contact; MER: maximum external rotation; MPAV: maximum pelvis rotational
angular velocity; MPTV: maximum trunk rotational angular velocity. *p < 0.05.

and have been shown to be modifiable after coaching in-
struction rather than instruction aimed at modifying the later
portion of the motion in pitching. Previous studies have
found that a decrease in shoulder abduction angle during SFC
is associated with elbow biomechanical efficiency, and our
study had a similar finding, i.e., decreasing shoulder abduction
angle at SFC similarly improves shoulder IRT biomechanical
efficiency [29, 43]. The average shoulder abduction angle
in the high efficiency group was 83 degrees (Table 3), and
considering previous studies, we believe that the shoulder
abduction angle should be maintained at around 85º at the SFC
tominimize the shoulder IRT load, though coaches should con-
sider potential trade-offs with other aspects of the kinetic chain
when implementing this adjustment [29, 44]. Furthermore,
decreasing the horizontal abduction angle of the shoulder joint
during SFC was also associated with increased shoulder IRT
biomechanical efficiency. A larger horizontal abduction angle
of the shoulder joint during SFC means that the shoulder is
located further behind the pitcher which increases the stretch-
ing of the internal rotators of the shoulder resulting in the
emergence of a greater IRT [45].
The elbow flexion angle at SFC is closely related to el-

bow loading, while a more flexed elbow angle changes the
position of the centre of mass of the entire arm, increasing
the rotational inertia of the shoulder joint for internal and
external rotation, and subjecting the shoulder to a greater
internal rotation moment driven by torque rotation of the torso.
However, the increased internal rotation moment does not
appear to be fully converted to ball velocity, resulting in a
reduction in biomechanical efficiency [39]. While this variable
was a significant predictor in the regression model, it did
not differ significantly between the extreme efficiency groups,
suggesting its effect may be more subtle compared with the
primary factors of shoulder abduction and external rotation.
An increase in shoulder external rotation angle at MER was

associated with an increase in shoulder IRT biomechanical
efficiency. Although increasing shoulder external rotation
during MER simultaneously increases elbow biomechanical

efficiency, excessive shoulder external rotation is also detri-
mental because it can lead to laxity of the anterior capsule
membrane and internal impingement of the shoulder joint
[46, 47]. Therefore, coaches should emphasize achieving
increased external rotation through controlled mobility and
stability, rather than promoting excessive ranges that may
compromise joint integrity.
Improvements in shoulder IRT biomechanical efficiency

were also associated with a reduction in the time between
MPAV and MTAV, and a previous study demonstrated that
increasing the time from SFC to MPAV reduced shoulder IRT
[23]. Consequently, an extended time from SFC toMPAVmay
allow for better energy accumulation, which in turn enables
a more rapid trunk rotation (shorter MPAV to MTAV time).
This optimized timing ensures that the larger muscle groups
of the core and lower body contribute more effectively to the
pitch, lessening the reliance on the shoulder musculature and
thus improving overall shoulder biomechanical efficiency.
In addition, a more flexed knee angle at MER was as-

sociated with increased shoulder biomechanical efficiency.
This relationship can be understood through the “joint-by-
joint” approach to athletic movement, which posits that proper
sequencing and positioning in distal joints (e.g., knee) directly
influence loading patterns in proximal joints (e.g., shoulder)
through the kinetic chain [44]. Although numerous studies
have found a correlation between lower extremity flexion angle
and ball velocity, the relationship between lower extremity
flexion angle and shoulder IRT is still lacking [48]. Future
studies are necessary to examine the relationship between knee
flexion angle and extension velocity and shoulder loading
throughout the SFC to BR phase.
The practical implementation of these findings can be

guided by recent applied research demonstrating that targeted
training interventions can effectively modify shoulder function
in throwing athletes [49]. Specifically, exercises that promote
proper shoulder positioning at SFC and controlled external
rotation at MER, combined with drills that optimize the timing
between pelvic and trunk rotation, may help pitchers achieve
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the kinematic patterns associated with improved efficiency
while maintaining joint health.

5. Limitations

A main limitation of this study is that the experimental data
originates from a baseball pitching database, and as the data
collection predates 2022, it may not be sufficiently recent.
Furthermore, no preliminary assessment of the required sample
size was conducted. Although the pitchers were sufficiently
warmed up to acclimatize to the experimental environment
prior to the experiment, the data collected in the laboratory
would have affected the pitchers’ performance. Due to the
complexity of the pitching mechanism, it is still unknown
whether our findings can be generalized to other levels of
pitchers, and therefore, caution should be exercised when
generalizing to youth or professional pitchers.

6. Conclusions

This study successfully explored the relationship between
pitching kinematics and shoulder internal rotation torque
biomechanical efficiency. Multiple regression analysis
identified six kinematic parameters that collectively explained
41.3% of the variance in efficiency, including SFC elbow
flexion angle, SFC shoulder abduction angle, time from
MPAV to MTAV, SFC shoulder horizontal abduction angle,
MER shoulder external rotation angle, and MER knee angle.
Furthermore, by comparing high- and low-efficiency groups,
we confirmed that a reduced shoulder abduction angle at
SFC and an increased shoulder external rotation angle at
MER were the most pronounced factors distinguishing the
efficiency extremes. These results underscore the potential for
improving pitching biomechanics through targeted training of
these modifiable kinematic parameters.
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