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The purpose of this study was to better understand how lower body kinematics relate to peak glenohumeral compressive force 
and develop a regression model accounting for variability in peak glenohumeral compressive force. Data were collected for 
34 pitchers. Average peak glenohumeral compressive force was 1.72% ± 33% body weight (1334.9 N ± 257.5). Correlation 
coefficients revealed 5 kinematic variables correlated to peak glenohumeral compressive force (P < .01, α = .025). Regression 
models indicated 78.5% of the variance in peak glenohumeral compressive force (R2 = .785, P < .01) was explained by stride 
length, lateral pelvis flexion at maximum external rotation, and axial pelvis rotation velocity at release. These results indicate 
peak glenohumeral compressive force increases with a combination of decreased stride length, increased pelvic tilt at maximum 
external rotation toward the throwing arm side, and increased pelvis axial rotation velocity at release. Thus, it may be possible to 
decrease peak glenohumeral compressive force by optimizing the movements of the lower body while pitching. Focus should be 
on both training and conditioning the lower extremity in an effort to increase stride length, increase pelvis tilt toward the glove 
hand side at maximum external rotation, and decrease pelvis axial rotation at release.
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Baseball pitching is one of the most dynamic overhand move-
ments in sport.1 The throwing motion employed by high school 
pitchers is typically a refined version of mechanics learned at an 
early age, and repeatedly subjects the shoulder to extremely high 
magnitudes of joint forces.2,3 It is currently thought that the repeated 
experience of these forces may be related to the high incidence of 
shoulder injury observed in baseball pitchers across all skill levels.4

A number of recent investigations have examined the underly-
ing causes of injury in high school baseball pitchers;5,6 however, 
with the increased length of competitive seasons, the incidence of 
major injury appears to still be trending upward.7,8 In older baseball 
pitchers (high school, collegiate, and professional), resultant joint 
forces within the shoulder have been postulated as an underlying 
cause of injury to the shoulder.9 There is evidence that glenohumeral 
compressive force within the shoulder contributes to anterior gle-
noid labrum tears in the classic peel-back mechanism,10,11 as well 
as trauma to the cartilage ring of the glenoid fossa.2

From a biomechanical perspective, the manner in which 
each segment involved in the pitching motion allows for optimal 
momentum transfer through larger segments to the smaller seg-
ments is commonly referred to as the kinetic chain.12 Alterations in 
the kinetic chain during pitching are thought to place the shoulder 
at increased risk.13 As the torso is the largest segment involved in 
the movement, it has been shown to have the largest contribution 
to the body’s total angular momentum during pitching.14–16 Thus, 

researchers have begun to examine the importance of the torso in 
the overhead throwing motion, and its influence on the high inci-
dence of shoulder injury in baseball pitchers.17–19 Although previous 
investigations have examined both the role of trunk rotation17,20 and 
the role of upper extremity kinematics on shoulder kinetics during 
pitching,9 there has been limited research investigating the manner 
in which lower extremities and/or pelvis kinematics contribute to 
increased glenohumeral compressive force within the shoulder.

It is known that many of the chronic elbow and shoulder injuries 
are a result of lower extremity dysfunction.21,22 Upper extremity 
motor patterns and sequencing are dependent upon the pelvis and 
torso, and lower extremity muscle activation in a proximal to distal 
sequence.23,24

It has also been previously documented that during the pitch-
ing motion there is a definite proximal to distal (lower extremity 
to upper extremity) sequentiality of segmental motion that allows 
for ball acceleration and force production.25 It has been proposed 
that injury prevention and evaluation and rehabilitation programs 
address the characteristics of the lower extremity and their effects 
on the upper extremity. Therefore, in an attempt to have a better 
understanding of the effects of the lower extremity, the purpose of 
this study was two-fold: (1) to investigate and identify those stride 
and pelvis kinematics that may be related to peak glenohumeral 
compressive force; and (2) to use the kinematic parameters corre-
lated to peak glenohumeral compressive force to develop models 
explaining its variability through multiple regression analysis. 
The hypotheses for this study were: increased stride length would 
be related to decreased peak glenohumeral compressive force; 
increased stride angle would relate to increase peak glenohumeral 
compressive force; and greater magnitudes in pelvis kinematic 
variables would relate to increased peak glenohumeral compressive 
force. The final hypothesis associated with this study was that peak 
glenohumeral compressive force could be predicted from a linear 
combination of stride and pelvis variables.
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coincident to both the x and y axes and was orthogonal to both axes 
directed to the right.

To calculate the variables of stride angle and stride length, the 
2 markers affixed to the distal region of the right and left shanks 
were used. To determine the stride length of each participant, the 
length of resultant vector originating at the sensor positioned on 
the shank of the drive leg and ending at the sensor positioned on 
the shank of the stride leg was utilized. This value was then nor-
malized as a percentage of each participant’s height. Similarly, to 
determine stride angle, the angle between the vector representing 
stride length and the global x-axis (directed toward home plate) 
was calculated and defined as stride angle. For stride angle, all 
resulting stride length vectors determined to be positioned on the 
throwing arm side of the global x-axis were defined as a negative 
stride angle, while all resulting stride length vectors determined to 
be positioned on the glove side of the global x-axis were deemed 
to be a positive stride angle.

The reference frame used to calculate pelvis and torso kinemat-
ics was similar to previous research.34 In the current study, the pelvis 
and torso were defined as the vectors pointing from the midpoint 
between the right hip/shoulder toward the left hip/shoulder and 
rotating about the world axes. To calculate lateral flexion of both 
the pelvis and torso, the vector representing the pelvis/torso was 
projected onto the global x-y plane. The resulting angle between the 
vector projection and the global y-axis defined lateral flexion of the 
pelvis and torso. Similarly, both pelvis and torso axial rotation were 
calculated by projecting the pelvis/torso vectors onto the global x-z 
plane and determining the angle between the vector projection and 
the global x-axis. Convention and direction (Table 1) associated 
with the angle decomposition sequences for pelvis and shoulder 
movements have been previously defined.27,32

Peak glenohumeral compressive force was calculated using 
inverse dynamics techniques.35,36 Briefly, the torso and arm were 
modeled as a series of 4 rigid links. Body segment masses and iner-
tial parameters were obtained from previous literature37 and scaled 
to subject height and mass using techniques described previously.38 
For all joints, resultant forces for the torso were calculated in the 
global inertial reference frame and local segment-based reference 
frames were established for the humerus using the previously men-
tioned ISB standards.27,32 Peak glenohumeral compressive force 
was defined as the component of the resultant force acting along 
the longitudinal axis of the shoulder, directed toward the elbow.35,36

The data in the current study were analyzed using the Statisti-
cal Package for Social Sciences (IBM Inc., Chicago, IL). Before 
investigating the relationship between stride and pelvis kinemat-
ics and peak glenohumeral compressive force, the data describing 
these parameters were visually analyzed for normality through 
scatter plot analysis. Following this visual analysis, the mean and 
standard deviation for each variable was calculated. Pearson product 
moment correlation coefficients were calculated to identify those 
kinematic parameters that were significantly related to peak gle-
nohumeral compressive force. Following the correlation analysis, 
multiple regression techniques were used to identify a main effects 
model best predicting peak glenohumeral compressive force within 
the shoulder from correlated kinematic variables. Because of the 
complex nature of the pitching motion, it was deemed necessary 
to examine the possibility of interaction effects within the final 
model. Thus, once the main effects model had been established, 
interaction terms for those kinematic variables contained within 
the model were developed. These interactions included 3 two-way 
interactions (stride length at pelvis lateral flexion; stride length at 
pelvis axial rotation velocity; and pelvis lateral flexion at pelvis 

Methods
Thirty-four healthy high school baseball pitchers (mean age: 16.8 ± 
1.4 y, height: 174.9 ± 8.3 cm, mass: 79.3 ± 8.1 kg) participated in the 
current study. Testing procedures were approved by the University 
of Arkansas (Fayetteville, AR) Institutional Review Board before 
participation; the testing protocol was explained to each pitcher and 
their parent(s) provided consent.

To collect data in the current study, a standard set of 10 elec-
tromagnetic sensors (Ascension Technologies Inc., Burlington, VT) 
were positioned at the medial aspect of the torso (at C7) and pelvis 
(at S1), the distal/lateral aspect of both the throwing and nonthrow-
ing humerus and forearm, and the distal/lateral aspect of both the 
right and left thigh and shank. Subsequent to the attachment of 
the electromagnetic sensors, 1 additional sensor was attached to 
a wooden stylus and used to digitize the palpated position of the 
bony landmarks previously described.26,27 The position and ori-
entation of the electromagnetic sensors were assessed throughout 
the study using MotionMonitor electromagnetic tracking software 
(Innovative Sports Training, Chicago, IL). This system has been 
shown to be a valid tool in tracking human motion through intraday 
interclass correlation coefficients (ICC) in excess of .96.28 However, 
field distortion within electromagnetic tracking systems has been 
shown to cause error in excess of 5° at a distance of 2 m from an 
extended range transmitter.29 Increases in instrumental sensitivity 
have reduced this error to near 2° following system calibration.30 
Therefore, before testing sessions, the current system was calibrated 
using previously established techniques.29–31 Following calibration, 
the error associated with position and orientation of the electromag-
netic sensors within the calibrated axes system was less than 0.02 
m and 3°, respectively.

Following landmark digitization, subjects were allowed to per-
form their personal precompetition warm-up routine. Following the 
completion of the warm-up, test trials consisting of maximal effort 
fastball pitches delivered toward a catcher located at the regulation 
distance (18.44 m) from an indoor pitching mound were completed. 
For all test trials, pitches were delivered from the stretch position. 
Those data from the fastest 3 pitches passing through the strike 
zone were averaged for detailed analysis.

Data describing the position and orientation of electromagnetic 
sensors were collected at 144 Hz. Raw data were independently 
filtered along each global axis using a fourth-order Butterworth 
filter with a cutoff frequency of 13.4 Hz.3 Throwing kinematics 
for right-handed subjects were calculated using the standards and 
conventions for reporting joint motion recommended by the Interna-
tional Shoulder Group of the International Society of Biomechanics 
(ISB).27,32 Filtered data describing sensor orientation and position 
were transformed to locally-based coordinate systems for each 
body segment. Euler angle decomposition sequences were used to 
describe the position and orientation of the pelvis and humerus as 
previously described.20,33 Angle decomposition sequencing for each 
segment, as well as definitions of the movements they describe, 
have been previously established.20 In the current study, throw-
ing kinematics for left-handed subjects were calculated using the 
same conventions and simply mirroring the world z-axis so that 
the position and orientation of the segments could be analyzed and 
described from the right-hand perspective.27,32 In the current study, 
the global axis system was defined similar to previous research,32 
with the x-axis originating at the center of the pitching rubber and 
directed toward the center of home plate. The y-axis originated 
coincident with the origin of the x-axis and was directed orthogo-
nally to the x-axis vertically. The z-axis was defined as originating 
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axial rotation velocity) and 1 three-way interaction (stride length 
at pelvis lateral flexion at pelvis axial rotation velocity).

Results

Peak glenohumeral compressive force was observed to average 
1.72% ± 33% body weight (1334.9 N ± 257.5) across all pitchers. 
Five of the 11 kinematic variables were correlated to peak glenohu-
meral compressive force (stride length, stride angle, pelvis lateral 

flexion at foot contact, pelvis lateral flexion at maximum shoulder 
external rotation, and pelvis axial rotation velocity at release). For 
these variables, decreased peak glenohumeral compressive force 
was observed to correlate to increased stride length and stride angle, 
increased leftward lateral flexion of the pelvis at foot contact and 
maximum shoulder external rotation, and decreased pelvis axial 
rotation velocity at release (release; P < .01, α = .025; Table 2). 
Descriptive statistics for those kinematic variables correlated to 
peak glenohumeral compressive force were similar to those pub-
lished in previous papers (Table 3).4,6,9,11

Table 1 Description of angle decomposition sequences utilized and 
the resulting directionality of the pelvis, torso, and shoulder

Segment
Axis of 
Rotation Angle

Pelvis
   Rotation 1 Z Flexion (–)/extension (+)
   Rotation 2 X’ Left lateral tilt (–)/right lateral tilt (+)
   Rotation 3 Y’’ Left axial rotation (–)/right axial rotation (+)
Torso
   Rotation 1 Z Flexion (–)/extension (+)
   Rotation 2 X’ Left lateral tilt (–)/right lateral tilt (+)
   Rotation 3 Y’’ Left axial rotation (–)/right axial rotation (+)
Shoulder
   Rotation 1 Y Plane of elevation (0° is abduction; 90° is flexion)
   Rotation 2 X’ Elevation
   Rotation 3 Y’’ External rotation (–)/internal rotation (+)

Table 2 Results of correlation analysis for those parameters significantly correlated to peak 
glenohumeral compressive force

Variable

Stride 
Length 

(% Body 
Height)

Stride 
Angle (°)

Pelvis Lateral 
Flexion at Foot 

Contact (°)

Pelvis Lateral 
Flexion at 
Shoulder 
Maximum 
External 

Rotation (°)

Pelvis Axial 
Rotation 

Velocity at 
Release (°/s)

Peak 
Glenohumeral 
Compressive 

Force (N)
Stride length (% body height)
   Pearson (r) 1 –.188 –.91 .71 –.321 –.524**
   Sig. (2-tailed) .287 .608 .688 .64 .001
Stride angle (°)
   Pearson (r) 1 .350* .613** .145 .493**
   Sig. (2-tailed) .042 < .001 .414 .003
Pelvis lateral flexion at foot contact 
(°)
   Pearson (r) 1 .461** .055 .456**
   Sig. (2-tailed) .006 .756 .007
Pelvis lateral flexion at shoulder 
maximum external rotation (°)
   Pearson (r) 1 –.001 .633**
   Sig. (2-tailed) .994 < .001
Pelvis axial rotation velocity at 
release (°/s)
   Pearson (r) 1 .413*
   Sig. (2-tailed) .015

Note. Significance is denoted at P ≤ .05 (*) and P ≤ .01 (**).



184  Keeley et al

JAB Vol. 31, No. 3, 2015

Results of the overall regression model testing revealed that 
in combination, all 5 of the kinematic variables correlated to peak 
glenohumeral compressive force accounted for a significant mag-
nitude of variance (R2 = .764; F(1, 33) = 22.34, P < .001; Table 4). 
However, retrospective analysis of the correlations between these 
5 kinematic variables (Table 3), as well as additional analysis of 
the regression results (Table 4), showed that both stride angle and 
lateral pelvis flexion at foot contact were significantly correlated 
to lateral pelvis flexion at shoulder maximum external rotation and 
may not have significantly contributed to the magnitude of variance 
explained (t-statistic resulting in a significance value greater than 
P = .05 and 95% CI encompassing the zero value). Because of the 
potential interrelationships between these variables and the physical 
concept linking pelvis lateral flexion at shoulder maximum external 
rotation to increasing shoulder kinetics,13 both stride angle and 
pelvis flexion at foot contact were removed from the model and the 
data were reanalyzed without those variables. With these variables 
removed from the model, the linear combination of stride length, 
pelvis lateral flexion at shoulder maximum external rotation, and 
pelvis axial rotation velocity at release significantly contributed to 
explain 78.5% of the variance in peak glenohumeral compressive 
force (r = .886, R2 = .785, P < .01; Table 5).To better describe the 
predictive capability of the final main effects model, the scatter 
plots for those kinematic variables contained within the model have 
been provided (Figures 1, 2, and 3).

Results of the interaction model testing for those variables in the 
main effects model (Table 5) demonstrated that no interaction term 
(stride length at pelvis lateral flexion; stride length at pelvis axial 
rotation velocity; pelvis lateral flexion at pelvis axial rotation veloc-
ity; or stride length at pelvis lateral flexion at pelvis axial rotation 
velocity) significantly contributed to the explanation of variability 
associated with peak glenohumeral compressive force (.452 ≤ P ≤ 
.983). Thus, the final results of the regression analyses revealed that 
78.5% of the variability in peak glenohumeral compressive force 
can be explained from the linear main effects model displayed in 
the following equation:

 peak glenohumeral compressive force   
 = 3008.17 + (–23.51) ∙ stride length + (11.19)  
 ∙ pelvis lateral flexion at shoulder maximum external rotation  
 + (0.200 ∙ pelvis axial rotation velocity) at release,

where peak glenohumeral compressive force is predicted from stride 
length, pelvis lateral flexion at shoulder maximum external rotation, 
and pelvis axial rotation velocity at release. Based on these results, 
it appears that pitchers may be able to decrease the magnitude of 
peak glenohumeral compressive force through a combination of 
decreasing stride length at foot contact, increasing lateral pelvis 
flexion to the glove side at shoulder maximum external rotation, 
and decreasing the velocity of pelvis axial rotation at release.

Table 3 Descriptive statistics for those kinematic variables significantly related to peak 
glenohumeral compressive force

Variable Mean SD Variance Min Max SEM

Stride length (% body height) 75.88 5.25 27.58 66.8 88.4 0.90

Stride angle (°) –0.22 2.59 6.72 –4.88 3.11 0.44

Pelvis lateral flexion at foot contact (°) –1.42 9.37 87.79 –32.00 5.82 1.61

Pelvis lateral flexion at shoulder maximum  
external rotation (°) –12.09 15.06 226.92 –27.06 16.59 2.58

Pelvis axial rotation velocity at release (°/s) 1227.07 324.15 10 5075.64 580.25 1920.11 55.59

Table 4 Results of initial model coefficient analysis for contribution to explanation of peak glenohumeral 
compressive force

Unstandardized 
Coefficients

Standardized 
Coefficient 95% CI Correlations

Model B Std. Error Beta t Sig
Lower 
Bound

Upper 
Bound Partial Part

Constant 3020.37 378.5 7.981 < .001** 2245.15 3795.59

Stride length –23.964 4.48 –0.493 –5.292 < .001** –32.87 –14.52 –.707 –.448

Stride angle –8.59 10.98 –0.088 –.782 .441 –31.08 13.90 –.146 –.066

Pelvis lateral flexion 
at foot contact 3.25 2.60 0.121 1.250 .222 –2.08 8.57 .230 .106

Pelvis lateral flexion 
at shoulder maximum 
external rotation

11.17 1.98 0.667 5.657 < .001** 7.13 15.22 .730 .479

Pelvis axial rotation 
velocity at release .204 .07 0.262 2.916 .007** .061 .347 .483 .247

Note. Significance indicated (**) at the P < .001 level for all variables but stride angle and pelvis lateral flexion at foot contact.
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Figure 1 — Linear relationship (R2 = .274) between stride length (% body 
height) and peak glenohumeral compressive force (N).

Figure 2 — Linear relationship (R2 = .400) between lateral pelvis flexion 
(°) at maximum shoulder external rotation and peak glenohumeral com-
pressive force (N).

Table 5 Results of final main effects model coefficient analysis for contribution to explanation of peak 
glenohumeral compressive force

Unstandardized 
Coefficients

Standardized 
Coefficient Variability Explained Correlations

Model B
Std. 

Error Beta t Sig R2
Adjusted 

R2
R2 

Change Partial Part
Constant1 3246.10 550.54 5.896 < .001
Stride length –25.19 7.24 –0.524 –3.479 .001 .274 .252 .252** –.524 –.524
Constant2 3557.73 346.79 10.259 < .001
Stride length –27.49 4.35 –0.572 –6.063 < .001 –.737 –.570
Pelvis lateral flex-
ion at shoulder 
maximum external 
rotation

11.285 1.581 0.673 7.138 < .001 .852 .726 .451** .788 .672

Constant3 3008.17 366.13 8.216 < .001
Stride length –23.51 4.31 –4.89 –5.451 < .001 –.705 –.462
Pelvis lateral flex-
ion at shoulder 
maximum external 
rotation

11.19 1.42 0.668 7.861 < .001 .820 .666

Pelvis axial rotation 
velocity at release .200 .070 0.257 2.873 .007 .886 .785 .59* .464 .243

Note. Significance of R2 change denoted at the P ≤ .001 (**) and P ≤ .01 (*) levels.
1 One variable model, including only stride length.
2  Two variable model, including both stride length and pelvis lateral flexion at shoulder maximum external rotation.
3 Three variable model, including stride length, pelvis lateral flexion at shoulder maximum external rotation, and pelvis axial rotation velocity at release.

Discussion
The purpose of the current study was two-fold: To link kinematics of 
the stride and pelvis during baseball pitching to peak glenohumeral 
compressive force, and to use those kinematic variables related to 
peak glenohumeral compressive force to develop a multiple regres-
sion model explaining its variability. This investigation demon-
strates that peak glenohumeral compressive force can be predicted 
from a linear main effects combination of lower body kinematic 

variables. These findings are vital; although it has been suggested 
that movement patterns of the torso may impact joint kinetics of 
subsequent segments,12,17 there has been no investigation into the 
impact of stride and pelvis parameters on shoulder kinetics.

To our knowledge, this is the first investigation to examine 
the role of stride variables as they relate to peak glenohumeral 
compressive force. Because the stride phase of the pitching motion 
functions as a preparatory phase, allowing for optimal positioning of 
the pelvis, torso, and upper extremity, the retention of stride length 
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within the model may contribute to altered peak glenohumeral 
compressive force in a temporal fashion. Throughout the duration 
of the stride, the magnitude of lateral pelvis flexion may be altered 
if a pitcher produces an abbreviated stride. Thus, as stride length 
increases, the more time the lumbopelvic hip complex will have 
to stabilize as the instant of shoulder maximum external rotation 
approaches. In addition, increased stride length may allow the 
throwing arm to reach an optimal angle of abduction. Previous 
literature has indicated that an abduction angle of 90° is optimal 
for decreasing shoulder kinetics.39 Thus, as stride length increases, 
the amount of time available for the throwing arm to be abducted 
increases; this may result in pitchers achieving an angle of abduction 
near 90° throughout the full pitch cycle. Based on the findings of 
both this study and previous research, there appears to be a syn-
ergistic relationship between stride length, pelvis lateral flexion, 
and humeral abduction. Thus, pitchers may be able to decrease the 
magnitude of peak glenohumeral compressive force by producing 
a longer stride that may allow for optimal angles of both humeral 
abduction and pelvis lateral flexion to be reached.

With regard to the inclusion of pelvis lateral flexion at shoulder 
maximum external rotation within the current model, this finding 
does not support the findings of previous studies. These results con-
tradict previous research, as it is thought that maximum elongation 
of the distance between the body and hand takes place during the 
arm-cocking phase.13 Elongation of this distance is thought to occur 
as the pelvis rotates toward the target while the shoulder externally 
rotates and horizontally abducts. However, if the angle of lateral 
pelvis flexion away from the throwing arm increases at maximum 
external rotation, the vector representing the vertical axes of the 
pelvis and trunk should follow.20 The combination of these actions 
may result in alterations in the vertical axis of these segments and 
the longitudinal axis of the humerus moving in opposite directions, 
facilitating an increase in the distance between these segments and 
throwing hand and ultimately increasing the angle of external rota-
tion of the humerus leading to increased glenohumeral compressive 
force within the shoulder. However, increased leftward flexion of 
the pelvis may also result in less stressful orientation of the glenoid 
region, which would allow for the humeral head to be positioned 
more centrally within the glenoid, reducing the magnitude of peak 

glenohumeral compressive force. Thus, in an attempt to decrease 
peak glenohumeral compressive force, pitchers may concentrate on 
increasing the magnitude of pelvis lateral flexion away from the 
throwing arm throughout the early stages of the pitching motion.

The inclusion of pelvis axial rotation velocity in the final model 
is also supported by previous research. The pelvis is the foundation 
on which the mass of the upper body is stabilized and has been 
shown to contribute high magnitudes of angular momentum to the 
pitching motion.16,20 It has been suggested that the rate and timing of 
axial pelvis and torso rotation play a key role in the shoulder exter-
nally rotating to angles outside of its typical range of motion.17,40 
The strong impact that pelvis motion has on subsequent upper body 
segments may result in an increase in the magnitudes of angular 
momentum being transmitted down the throwing arm. It may be 
that as the momentum being transferred down the arm increases 
due to increased axial rotation velocity of the pelvis, compressive 
force within the glenohumeral joint also increases in an effort to 
stabilize the glenohumeral joint against distraction, making the 
shoulder susceptible to injury. Thus, in an effort to decrease peak 
glenohumeral compressive force, pitchers should train for decreased 
axial rotation velocity with regard to the pelvis.

Perhaps the most interesting finding of the current study was the 
absence of interaction between those stride and kinematic variables 
correlated to peak glenohumeral compressive force. As the pitching 
motion is commonly described as one of the most dynamic skills in 
all of sport,41 it is thought that complex interactions exist between 
the various segments involved.42 However, the results of this study 
do not support this notion in terms of the predictability of peak 
glenohumeral compressive force from stride and pelvis variables. 
Thus, it may be possible for coaches, players, and clinicians to focus 
on individually increasing stride length, increasing pelvis lateral 
flexion toward the glove side at shoulder maximum external rota-
tion, and/or decreasing pelvis axial rotation velocity at release in an 
effort to decrease peak glenohumeral compressive force.

It should be noted that there are 2 primary limitations associ-
ated with these results. First, although the electromagnetic tracking 
system used to collect data has been shown to be a valid tool for 
describing kinematics of human motion, there is error associated 
with its output. However, through the use of established calibra-
tion and data collection techniques, this error can be reduced. Use 
of these techniques reduced the error rate associated with sensor 
position and orientation in this study to levels similar to previous 
work.29–31 Additionally, preliminary data have shown electromag-
netic tracking as a reliable tool for use in the examination of pitching 
kinematics.43 Second, although competition was simulated through-
out this study, there have been differences observed in movement 
when performed in both a simulated competitive setting and an 
actual competitive setting. Although it is acknowledged that these 
differences may exist, the majority of the literature examining the 
pitching motion has been conducted in a laboratory setting. Thus, 
we feel the results of this study are in line with those laboratory 
studies previously conducted.

In summary, the findings of the current study identify the 
importance of the both the stride and the actions of the pelvis 
in influencing peak glenohumeral compressive force in baseball 
pitching. Based on the current study, proper instruction of pitching 
mechanics should include emphasis on increasing stride length and 
decreasing both pelvis lateral flexion at shoulder maximum external 
rotation (more lateral flexion toward the glove side) and pelvis axial 
rotation velocity at release (slowing the rate of pelvis axial rotation) 
in an attempt to decrease the magnitude of peak glenohumeral 
compressive force experienced throughout the pitch cycle.

Figure 3 — Linear relationship (R2 = .171) between pelvis axial rotation 
velocity (°/s) at ball release (°/s) and peak glenohumeral compressive 
force (N).



Predicting Glenohumeral Compressive Force in Pitchers  187

JAB Vol. 31, No. 3, 2015

Acknowledgments

The authors would like to acknowledge the financial support of Mr. Bob 
Carver to the University of Arkansas Sport Biomechanics Group. They 
would also like to thank Dr. Tony Wang, Dr. Kelly Laurson, and Mr. Zheng 
Wei for their statistical advice throughout the development of this study. 
Finally, they would like to express their appreciation to Steve Favia, Sarah 
Buldtman, and Hillary Plummer of the University of Arkansas Athletic 
Training Education Program for their assistance in collecting data for 
this study.

References
 1. Dillman CJ, Fleisig GS, Andrews JR. Biomechanics of pitching 

with emphasis on shoulder kinematics. J Orthop Sports Phys Ther. 
1993;18:402–408. PubMed doi:10.2519/jospt.1993.18.2.402

 2. Abrams JS. Special shoulder problems in the throwing athlete: Pathol-
ogy, diagnosis, and nonoperative management. Clin Sports Med. 
1991;10:839–861. PubMed

 3. Fleisig GS, Barrentine SW, Zheng N, et al. Kinematic and kinetic 
comparison of baseball pitching among various levels of devel-
opment. J Biomech. 1999;32:1371–1375. PubMed doi:10.1016/
S0021-9290(99)00127-X

 4. Dun S, Kingsley D, Fleisig GS, et al. Biomechanical comparison of 
the fastball from wind-up and the fastball from stretch in professional 
baseball pitchers. Am J Sports Med. 2008;36:137–141. PubMed 
doi:10.1177/0363546507308938

 5. Bonza JE, Fields SK, Yard EE. Shoulder injuries among United States 
high school athletes during the 2005-2006 and 2006-2007 school years. 
J Athl Train. 2009;44:76–83. PubMed doi:10.4085/1062-6050-44.1.76

 6. Fleisig G, Chu Y, Weber A, Andrews J. Variability in baseball pitching 
biomechanics among various levels of competition. Sports Biomech. 
2009;8:10–21. PubMed doi:10.1080/14763140802629958

 7. Lintner D, Noonan TJ, Kibler WB. Injury patterns and biomechanics 
of the athlete’s shoulder. Clin Sports Med. 2008;27:527–551. PubMed 
doi:10.1016/j.csm.2008.07.007

 8. Petty DH, Andrews JR, Fleisig GS, Cain EL. Ulnar collateral ligament 
reconstruction in high school baseball players: clinical results and 
injury risk factors. Am J Sports Med. 2004;32:1158–1164. PubMed 
doi:10.1177/0363546503262166

 9. Werner SL, Gill TJ, Murray TA, et al. Relationship between throwing 
mechanics and shoulder distraction in professional baseball pitchers. 
Am J Sports Med. 2001;29:354–358. PubMed

 10. Andrews JR, Carson WG, McLead WD. Glenoid labrum tears related 
to the long head of the biceps. Am J Sports Med. 1985;13:337–341. 
PubMed doi:10.1177/036354658501300508

 11. Fleisig GS, Andrews JR, Dillman CJ, Escamilla RF. Kinet-
ics of baseball pitching with implications about shoulder injury 
mechanisms. Am J Sports Med. 1995;23:233–239. PubMed 
doi:10.1177/036354659502300218

 12. Kibler WB. The role of the scapula in the overhand throwing motion. 
Contemp Orthop. 1991;22:525–532.

 13. Braun S, Kokmeyer D, Millett PJ. Shoulder injuries in the throwing ath-
lete. J Bone Joint Surg Am. 2009;91:966–978. PubMed doi:10.2106/
JBJS.H.01341

 14. Bahamonde RE. Changes in angular momentum during the 
tennis serve.  J Sports  Sci .  2000;18:579–592.  PubMed 
doi:10.1080/02640410050082297

 15. Dapena JA. Method to determine the angular momentum of a human 
body about three orthogonal axes passing through its center of 
gravity. J Biomech. 1978;11:251–256 9. PubMed doi:10.1016/0021-
9290(78)90051-9

 16. Putnam CA. Sequential motions of body segments in striking 
and throwing skills: description and explanations. J Biomech. 
1993;26:125–135. PubMed doi:10.1016/0021-9290(93)90084-R

 17. Aguinaldo AL, Buttermore J, Chambers H. Effects of upper trunk 
rotation on shoulder joint torque among baseball pitcher of various 
levels. J Appl Biomech. 2007;23:42–51. PubMed

 18. Aguinaldo AL, Chambers H. Correlation of throwing mechanics 
with elbow valgus load in adult baseball pitchers. Am J Sports Med. 
2009;37:2043–2048. PubMed doi:10.1177/0363546509336721

 19. Davis JT, Limpisvasti O, Fluhme D, et al. The effect of pitch-
ing biomechanics on the upper extremity in youth and adolescent 
baseball pitchers. Am J Sports Med. 2009;37:1484–1491. PubMed 
doi:10.1177/0363546509340226

 20. Oliver GD, Keeley DW. Pelvis and torso kinematics and their rela-
tionship to shoulder kinematics in high school baseball pitchers. J 
Strength Cond Res. 2010a;24:3241–3246. PubMed doi:10.1519/
JSC.0b013e3181cc22de

 21. Laudner K. The throw-from below: Hip mechanics dictate overhead 
motion. Lower Extremity Review. 2010. Available: http://lermagazine.
com/cover_story/the-throw-from-below

 22. Oliver G. Powering the windmill: Lower body mechanics of softball 
pitching. Lower Extremity Review. 2011. Available: http://lermagazine.
com/cover_story/powering-the-windmill-lower-body-mechanics-of-
softball-pitching

 23. Zattara M, Bouisset S. Posturo-kinetic organization during the 
early phase of voluntary upper limb movement, 1: normal sub-
jects. J Neurol Neurosur Psych. 1988;51:956–965. doi:10.1136/
jnnp.51.7.956

 24. McMullen J, Uhl T. A kinetic chain approach for shoulder rehabilita-
tion. J Athl Train. 2000;35:329–337. PubMed

 25. Pappas AM, Zawacki RM, Sullivan TJ. Biomechanics of baseball 
pitching. A preliminary report. Am J Sports Med. 1985;13:216–222. 
PubMed doi:10.1177/036354658501300402

 26. Myers JB, Laudner KG, Pasquale MR, et al. Scapular position and 
orientation in throwing athletes. Am J Sports Med. 2005;33:263–271. 
PubMed doi:10.1177/0363546504268138

 27. Wu G, VanDerHelm FCT, Veeger HEJ, et al. ISB recommendation 
on definitions of joint coordinate systems of various joint for the 
reporting of human joint motion-part II: Shoulder, elbow, wrist, and 
hand. J Biomech. 2005;38:981–992. PubMed doi:10.1016/j.jbio-
mech.2004.05.042

 28. Ludewig PM, Cook TM. Alterations in shoulder kinematics and 
associated muscle activity in people with symptoms of shoulder 
impingement. Phys Ther. 2000;80:276–291. PubMed

 29. Day JS, Murdoch DJ, Dumas GA. Calibration of position and angular 
data from a magnetic tracking device. J Biomech. 2000;33:1039–1045. 
PubMed doi:10.1016/S0021-9290(00)00044-0

 30. Perie D, Tate AJ, Chencg PL, Dumas GA. Evaluation and calibration 
of an electromagnetic tracking device for biomechanical analysis of 
lifting tasks. J Biomech. 2002;35:293–297. PubMed doi:10.1016/
S0021-9290(01)00188-9

 31. Day JS, Dumas GA, Murdoch DJ. Evaluation of a long range transmit-
ter for use with magnetic tracking device in motion analysis. J Biomech. 
1998;31:957–961. PubMed doi:10.1016/S0021-9290(98)00089-X

 32. Wu G, Siegler S, Allard P, et al. ISB recommendation on definitions 
of joint coordinate system of various joints for the reporting of human 
motion – part I: Ankle, hip, and spine. J Biomech. 2002;35:543–548. 
PubMed doi:10.1016/S0021-9290(01)00222-6

 33. Oliver GD, Keeley DW. Gluteal muscle group activation and its 
relationship with pelvis and torso kinematics in high school base-
ball pitchers. J Strength Cond Res. 2010b;24:3015–3022. PubMed 
doi:10.1519/JSC.0b013e3181c865ce

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8364594&dopt=Abstract
http://dx.doi.org/10.2519/jospt.1993.18.2.402
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1934100&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10569718&dopt=Abstract
http://dx.doi.org/10.1016/S0021-9290(99)00127-X
http://dx.doi.org/10.1016/S0021-9290(99)00127-X
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17986632&dopt=Abstract
http://dx.doi.org/10.1177/0363546507308938
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19180222&dopt=Abstract
http://dx.doi.org/10.4085/1062-6050-44.1.76
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19391491&dopt=Abstract
http://dx.doi.org/10.1080/14763140802629958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19064144&dopt=Abstract
http://dx.doi.org/10.1016/j.csm.2008.07.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15262637&dopt=Abstract
http://dx.doi.org/10.1177/0363546503262166
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11394608&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4051091&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4051091&dopt=Abstract
http://dx.doi.org/10.1177/036354658501300508
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7778711&dopt=Abstract
http://dx.doi.org/10.1177/036354659502300218
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19339585&dopt=Abstract
http://dx.doi.org/10.2106/JBJS.H.01341
http://dx.doi.org/10.2106/JBJS.H.01341
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10972409&dopt=Abstract
http://dx.doi.org/10.1080/02640410050082297
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=711774&dopt=Abstract
http://dx.doi.org/10.1016/0021-9290(78)90051-9
http://dx.doi.org/10.1016/0021-9290(78)90051-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8505347&dopt=Abstract
http://dx.doi.org/10.1016/0021-9290(93)90084-R
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17585177&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19633230&dopt=Abstract
http://dx.doi.org/10.1177/0363546509336721
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19633301&dopt=Abstract
http://dx.doi.org/10.1177/0363546509340226
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20703168&dopt=Abstract
http://dx.doi.org/10.1519/JSC.0b013e3181cc22de
http://dx.doi.org/10.1519/JSC.0b013e3181cc22de
http://lermagazine.com/cover_story/the-throw-from-below
http://lermagazine.com/cover_story/the-throw-from-below
http://lermagazine.com/cover_story/powering-the-windmill-lower-body-mechanics-of-softball-pitching
http://lermagazine.com/cover_story/powering-the-windmill-lower-body-mechanics-of-softball-pitching
http://lermagazine.com/cover_story/powering-the-windmill-lower-body-mechanics-of-softball-pitching
http://dx.doi.org/10.1136/jnnp.51.7.956
http://dx.doi.org/10.1136/jnnp.51.7.956
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16558646&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4025673&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4025673&dopt=Abstract
http://dx.doi.org/10.1177/036354658501300402
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15701613&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15701613&dopt=Abstract
http://dx.doi.org/10.1177/0363546504268138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15844264&dopt=Abstract
http://dx.doi.org/10.1016/j.jbiomech.2004.05.042
http://dx.doi.org/10.1016/j.jbiomech.2004.05.042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10696154&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10828336&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10828336&dopt=Abstract
http://dx.doi.org/10.1016/S0021-9290(00)00044-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11784548&dopt=Abstract
http://dx.doi.org/10.1016/S0021-9290(01)00188-9
http://dx.doi.org/10.1016/S0021-9290(01)00188-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9840763&dopt=Abstract
http://dx.doi.org/10.1016/S0021-9290(98)00089-X
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11934426&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11934426&dopt=Abstract
http://dx.doi.org/10.1016/S0021-9290(01)00222-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20664365&dopt=Abstract
http://dx.doi.org/10.1519/JSC.0b013e3181c865ce


188  Keeley et al

JAB Vol. 31, No. 3, 2015

 34. Escamilla RF, Fleisig GS, DeRenne C, et al. A comparison of age level 
on baseball hitting kinematics. J Appl Biomech. 2009;25:210–218. 
PubMed

 35. Keeley DW, Hackett T, Keirns M, et al. A biomechanical analysis 
of youth pitching mechanics. J Pediatr Orthop. 2008;28:452–459. 
PubMed doi:10.1097/BPO.0b013e31816d7258

 36. Sabick MB, Torry MR, Lawton RL, Hawkins RJ. Valgus torque in 
youth baseball pitchers: A biomechanical study. J Shoulder Elbow 
Surg. 2004;13:349–355. PubMed

 37. Clauser CE, McConville JT, Yound JW. Weight, volume, and center 
of mass of segments of the human body. In: AMRL technical report. 
Dayton, OH: Wright-Patterson Air Force Base; 1969:69–70.

 38. Hinrichs RN. Adjustments to the segment center of mass proportions 
of Clauser et al. (1969). J Biomech. 1990;23:949–951 . PubMed 
doi:10.1016/0021-9290(90)90361-6

 39. Matsuo T, Matsumoto T, Mochizuki Y, et al. Optimal shoulder abduc-
tion angles during baseball pitching from maximal wrist velocity and 
minimal kinetics viewpoints. J Appl Biomech. 2002;18:306–320.

 40. Leetun DT, Ireland ML, Willson JD, et al. Core stability measures as 
risk factors for lower extremity injury in athletes. Med Sci Sports Exerc. 
2004;36:926–934. PubMed doi:10.1249/01.MSS.0000128145.75199.C3

 41. Barrentine SW, Matsuo T, Escamilla RF, et al. Kinematic analysis 
of the wrist and forearm during baseball pitching. J Appl Biomech. 
1998;14:24–39.

 42. Stodden DF, Fleisig GS, McLean SP, Andrews JR. Relationship of 
biomechanical factors to baseball pitching velocity: Within pitcher 
variation. J Appl Biomech. 2005;21:44–56. PubMed

 43. Keeley DW, Oliver GD, Dougherty CP, Torry MR. Reliability of 
electromagnetic tracking in describing pitching mechanics. Port J 
Sport Sci. 2011;11(Suppl. 2):891–894.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19827470&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19827470&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18520283&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18520283&dopt=Abstract
http://dx.doi.org/10.1097/BPO.0b013e31816d7258
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15111908&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2211741&dopt=Abstract
http://dx.doi.org/10.1016/0021-9290(90)90361-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15179160&dopt=Abstract
http://dx.doi.org/10.1249/01.MSS.0000128145.75199.C3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16131704&dopt=Abstract

