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Background: There is a paucity of research regarding the relationship between fastpitch softball pitching mechanics and reported
pain. Thus, understanding the pitching mechanics of athletes pitching with upper extremity pain and those pain free is paramount.

Purpose: To examine lower extremity pitching mechanics, upper extremity kinetics, and upper extremity pain in National Colle-
giate Athletic Association (NCAA) Division I female softball pitchers.

Study Design: Descriptive laboratory study.

Methods: A total of 37 NCAA Division I female softball pitchers (mean age, 19.84 ± 1.28 years; mean height, 173.67 ± 7.77 cm;
mean weight, 78.98 ± 12.40 kg) from across the United States were recruited to participate. Participants were divided into 2
groups: upper extremity pain (n ¼ 13; mean age, 19.69 ± 1.18 years; mean height, 172.60 ± 11.49 cm; mean weight, 86.75 ± 13.02
kg) and pain free (n ¼ 24; mean age, 19.91 ± 1.35 years; mean height, 174.26 ± 4.96 cm; mean weight, 74.78 ± 9.97 kg). An elec-
tromagnetic tracking system was used to obtain kinematic and kinetic data during the riseball softball pitch.

Results: At foot contact (F3,33 ¼ 7.01, P ¼ .001), backward elimination regression revealed that stride length, trunk rotation, and
center of mass (COM) significantly explained about 33% of variance with softball pitchers experiencing upper extremity pain
(adjusted R2 ¼ 0.33).

Conclusion: At foot contact, the kinematic variables of increased trunk rotation toward the pitching arm side, increased stride
length, and a posteriorly shifted COM were associated with upper extremity pain in collegiate softball pitchers. Variables early in
the pitching motion that do not set a working and constructive proximal kinetic chain foundation for the rest of the pitch to follow
could be associated with breakdowns more distal in the kinetic chain, possibly increasing the susceptibility to upper extremity pain.

Clinical Relevance: The identification of pitching mechanics associated with pain allows clinicians to develop exercises to avoid
such mechanics. Avoiding mechanics associated with pain may help reduce the prevalence of pain in windmill softball pitchers as
well as help coaches incorporate quantitative biomechanics into their instruction.
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As the popularity of fastpitch softball grows,17 there has been
a rise in the awareness of pain and injuries.13,19,28,32,34-36

A common misconception about the windmill-style pitch uti-
lized in fastpitch softball is that it isa naturalmotionand does
not cause stress about the shoulder.3 However, it is continu-
ally reported that the shoulder stress endured from the soft-
ball pitch is analogous to that of the baseball pitch.4,30,39

Furthermore, shoulder injury rates and patterns are compa-
rable with those reported in the sport of baseball,13,26,28,29,33

and the most common mechanism of injury in softball is over-
use.13,28,31,32,34 With the increase in sport participation, the
susceptibility to injuries is more widespread. Therefore,
understanding the pitching mechanics related to pain and
injury susceptibility is paramount.

Previous research highlighting softball pitching kinemat-
ics describes the windmill softball pitch as a dynamic motion,
requiring the total body for ball control/accuracy and veloc-
ity.18,19,23,38,39 This total-body dynamic ability is the result of
an integrated, multisegmented system known as the kinetic
chain. With proper utilization of the kinetic chain, maximum
force and energy production can be developed from the lower
extremity, then transferred distally through the upper
extremityand into the ball. However,previous biomechanical
investigations of the windmill softball pitch have focused pri-
marily on the upper extremity,4,18,19,23-25,30,38,39 with mini-
mal examination of the entire system including the lower
extremity and trunk.10,22

Although usually studied separately, it is known that
habitual movement patterns of the upper extremity are
dependent on lower extremity and trunk muscle activa-
tions.15,43 More specifically, activation of the gluteal and
lumbopelvic musculature assists in the initiation of both
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efficient energy transfer and proper upper extremity posi-
tioning during the windmill softball pitch.10,22,38 Addition-
ally, sufficient energy transfer from the lower extremity is
crucial in decreasing the physical demands placed on the
distal segments of the upper extremity, thereby minimiz-
ing the risk of injuries in throwing athletes.27 With the
known importance of utilizing the total body as an effi-
cient kinetic chain,10,18,22,38 and the increase in pain and
injuries,13,19,28,32,34-36 further investigations of the effects
of kinematics as it relates to injuries and pain susceptibil-
ity during the windmill softball pitch are needed.

A recent examination of pain and pitching mechanics in
collegiate softball pitchers revealed that those pitching
with upper extremity pain have different kinematics than
those pitching without pain.19 Specifically, those pitching
with upper extremity pain showed greater shoulder hori-
zontal abduction at foot contact, less trunk lateral flexion
toward the throwing side, and greater shoulder distraction
forces at ball release.19 Although these results are an
insight into pitching mechanics and upper extremity pain,
it has yet to be determined how the kinematics of the more
proximal kinetic chain relate to upper extremity pain: spe-
cifically, kinematics of the stride, trunk, and center of mass
(COM) at foot contact during the windmill softball pitch.

The purpose of this study was to examine lower extremity
and trunk pitching mechanics, upper extremity kinetics,
and upper extremity pain in National Collegiate Athletic
Association (NCAA) Division I softball pitchers. Specifically,
we examined the association of stride knee flexion, trunk
flexion, trunk rotation, trunk lateral flexion, body COM in
relation to the base of support, stride length (height normal-
ized), and shoulder kinetics (shoulder flexion/extension tor-
que, shoulder abduction/adduction torque, shoulder
internal/external rotation torque, and shoulder compres-
sion/distraction force, all normalized to body weight) with
softball pitchers experiencing upper extremity pain while
throwing a riseball. We hypothesized that inefficient lower
extremity and trunk pitching mechanics at foot contact
would be associated with softball pitchers experiencing
upper extremity pain.

METHODS

A total of 37 NCAA Division I female softball pitchers
(mean age, 19.84 ± 1.28 years; mean height, 173.67 ± 7.77
cm; mean weight, 78.98 ± 12.40 kg) from across the United
States were recruited to participate. The inclusion criteria
required the participants to be actively competing on the

team roster as a pitcher; additionally, they had to be sur-
gery free for the past 6 months. The university’s institu-
tional review board approved all testing protocols, and
informed written consent was obtained from each pitcher
before participation.

Participants were asked the following: “Do you currently
experience any pain/discomfort in your upper extremity,
specifically your throwing side?” Based on the yes/no
response, participants were grouped into 2 groups: those
who were currently experiencing upper extremity pain
(ie, experiencing pain before, during, and/or after pitching)
and those who were not. Those who answered “no” were
deemed pain free (n ¼ 24; mean age, 19.91 ± 1.35 years;
mean height, 174.26 ± 4.96 cm; mean weight, 74.78 ± 9.97
kg). Those who answered “yes” were then required to select
the area of the body where they were experiencing pain,
and all participants who selected anything in the area of
the shoulder and elbow were assigned to the pain group (n
¼ 13; mean age, 19.69 ± 1.18 years; mean height, 172.60 ±
11.49 cm; mean weight, 86.75 ± 13.02 kg).

Testing was conducted in an indoor biomechanics lab-
oratory. Kinematic data were collected at 100 Hz using an
electromagnetic tracking system (trakSTAR; Ascension
Technology) synchronized with biomechanics analysis soft-
ware (The MotionMonitor; Innovative Sports Training).
Intraclass correlation coefficients (ICCs) greater than 0.96
for axial humeral rotation in both loaded and unloaded con-
ditions have been reported for the electromagnetic tracking
system.14 The current system was calibrated using previ-
ously established protocols before data collection.8,19,21

After calibration, the error in position and orientation of
the electromagnetic sensors was less than 1 mm and 3�,
respectively. Additionally, intrarater reliability on a pilot
sample of 9 collegiate softball athletes was ICC(3,k) of 0.75
to 0.93 for all measurements.

A total of 11 electromagnetic sensors were attached to
the participants using previously established methodolo-
gies.19,23 A linked-segment model was developed using the
digitized joint centers for the ankle, knee, hip, shoulder,
T12-L1, and C7-T1 by the digitized medial and lateral
aspects of each joint and then calculating the midpoint
between those 2 points.20,21,41,42 The ankle and knee joints
were calculated as the midpoint between the digitized
medial and lateral malleoli and medial and lateral femoral
condyles, respectively. The spinal column was defined as
the digitized space between C7-T1 and T12-L1. Addition-
ally, a rotation method was utilized to estimate the joint
centers of the shoulders and hips.11,37 The rotation of the
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humerus relative to the scapula was used to determine the
shoulder joint center, while the rotation of the femur relative
to the pelvis was used to determine the hip joint center.11,37

The world axis was represented with a positive y-axis in the
vertical direction; anterior to the y-axis and in the direction
of movement was the positive x-axis, and orthogonal and to
the right of the x- and y-axes was the positive z-axis. Raw
data regarding sensor positioning and orientation were
transferred to a locally based coordinate system. Euler angle
sequences consistent with the International Society of Bio-
mechanics standards and joint conventions were used to
define the position and orientation of the body segments.41,42

For trunk motion relative to the world axis, the Euler
sequence of ZX 0Y 00 was used, while the sequence of YX 0Y 00

was used for shoulder motion relative to the trunk. All raw
data were independently filtered along each global axis
using a fourth-order Butterworth filter with a cutoff fre-
quency of 13.4 Hz.20,21,40

After sensor attachment and participant digitization, each
participant was given unlimited time to perform her individ-
ual prethrowing warm-up (average warm-up time was 10
minutes) and become familiar with the testing procedures.
We chose not to standardize the warm-up in an attempt to
better simulate each participant’s individual prethrowing
game preparation. Testing required the participants to
throw 3 riseball pitches, for strikes, to a catcher located at
13.11 m (43 ft). Pitch trials were saved if the ball was in the
strike zone. Foot contact was determined as the point in time
at which the foot contralateral to the pitching arm contacted
the ground.19,23,38,39

Data from the fastest riseball were included for analy-
sis,1,16 as Fleisig and colleagues9 noted that there is mini-
mal variability among pitches within elite populations. All
data were processed using customized MATLAB script
(R2010a; MathWorks). Statistical analyses were performed
using SPSS Statistics 24 software (IBM). Normality of the
data was tested with the Shapiro-Wilk test. Once data were

determined to be normal, a logistic backward elimination
regression analysis excluding variables with a greater than
10% probability of an association by chance alone (P > .10)
was performed at the pitching event of foot contact (Figure 1).
The dependent variable was upper extremity pain and the
independent variables consisted of stride knee flexion, trunk
flexion, trunk rotation, trunk lateral flexion, body COM over
the base of support, stride length (normalized to height),
shoulder flexion/extension torque, shoulder abduction/
adduction torque, shoulder internal/external rotation tor-
que, and shoulder compressive/distraction force, with all
kinetics being normalized to body weight. COM was
expressed as a percentage indicating where the COM sits
over the athlete’s base of support. With only right-handed
pitchers included, 0% indicates that the COM is located
entirely over the stance (right) leg, while 100% indicates
that the COM is located entirely over the stride (left) leg.
Significance was set a priori at P < .05 to limit type I
errors. Effect size and adjusted R2 were calculated to deter-
mine the fit of the backward elimination regression model
by indicating the variance of upper extremity pain
explained by the significant independent variables.

RESULTS

Descriptive statistics for demographic variables are pre-
sented in Table 1, and descriptive statistics for kinematic
and kinetic variables can be found in Table 2. For the event
of foot contact (F3,33 ¼ 7.01, P ¼ .001), backward elimina-
tion regression revealed that the model including stride
length, trunk rotation, and COM was significantly associ-
ated with upper extremity pain. Stride length, trunk rota-
tion, and COM contributed to about 33% of variance with
softball pitchers experiencing upper extremity pain
(adjusted R2 ¼ 0.33). Stride length (t ¼ 3.09, P ¼ .004),
trunk rotation (t ¼ 3.54, P ¼ .001), and COM (t ¼ –2.52,

Figure 1. Pitching events.
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P ¼ .017) all significantly correlated with upper extremity
pain. These results indicate that greater stride length,
trunk rotation to the pitching arm side, and a COM shifted
toward the stance foot could be factors that help under-
stand upper extremity pain within softball pitchers. Table 3
displays the unstandardized regression coefficient (B),
standardized regression coefficient (b), t values, and
P values for the backward elimination regression model used.

DISCUSSION

Previous work evaluating softball pitching mechanics and
upper extremity pain found differences in upper extremity
kinematics and kinetics between those pitching with pain
and those pitching pain free.19 With the known mechanical
implications of pain during the windmill softball pitch, the
present study aimed to examine the association of lower
extremity and trunk kinematics and shoulder kinetics with

pain in collegiate softball pitchers. Our hypothesis, that
inefficient lower extremity and trunk mechanics during the
softball pitching motion would be associated with upper
extremity pain, was supported. Increased trunk rotation
to the pitching arm side, COM position, and stride length
were significantly associated with upper extremity pain at
foot contact. This study adds to the growing body of knowl-
edge that relates pitching biomechanics with pain and
injury susceptibility.

Although the present study did not find shoulder kinetics
to be associated with upper extremity pain, it has previ-
ously been reported that those pitching with upper extrem-
ity pain demonstrate greater shoulder distraction forces at
ball release.19 Additionally, it has been hypothesized that
anterior shoulder pain in windmill softball pitchers is
caused by increased shoulder kinetics occurring during the
acceleration phase of the pitch.4,5,38,39 Thus, further inves-
tigations into upper extremity pain and shoulder kinetics
are warranted.

The finding of increased trunk rotation to the pitching
side being associated with pain at foot contact could indi-
cate an issue in the timing of segmental sequencing
throughout the windmill softball pitch. If the trunk is not
positioned to allow for a straight and smooth throwing arm
circle, the upper extremity may need to compensate for the
inefficient transfer of energy through the kinetic chain
because of early trunk rotation. Coaches relying on quali-
tative pitching analysis often instruct pitchers to push out
and off the mound before initiating trunk rotation. Previ-
ously, it has been reported that novice (less skilled) pitchers
do not efficiently use their trunk in a proximal-to-distal
sequencing manner and thus are unable to generate opti-
mal ball speeds.18 Concordantly, efficient utilization of the
kinetic chain allows for maximum force and energy produc-
tion that can be developed from the lower extremity, trans-
ferred distally through the trunk to the upper extremity
and into the ball.6,7,12 Thus, the present study’s finding of
trunk rotation being significantly associated with upper
extremity pain is not surprising.

In addition to trunk rotation toward the pitching arm side,
the position of COM and stride length at foot contact were
also found to be associated with upper extremity pain. Spe-
cifically, COM of the pitcher toward the back push-off leg
was related to upper extremity pain, as was increased stride
length. These findings possibly indicate that as the pitchers
increase stride length, there is a struggle to maintain proper
balance. This lack of balance results in the COM being
shifted toward the push leg instead of the stride leg as the
pitch progresses into foot contact. In softball, this is

TABLE 3
Coefficients in Backward Elimination Regression Model

Variable B b t P

Normalized stride length 2.600 0.513 3.092 .004a

Trunk rotation 0.017 0.516 3.537 .001a

Center of mass (%), right to left –0.032 –0.403 –2.520 .017a

aSignificant at P < .05.

TABLE 2
Kinematics and Kinetics at Foot Contact

During Windmill Softball Pitchinga

Variable Mean ± SD

Left knee flexion 19.18 ± 10.02
Normalized stride length 0.50 ± 0.10
Trunk flexion 13.28 ± 14.19
Trunk rotation 81.37 ± 14.89
Trunk lateral flexion 8.30 ± 10.20
Normalized shoulder flexion/extension –0.21 ± 1.20
Normalized shoulder abduction/adduction 0.84 ± 0.95
Normalized shoulder rotation 0.02 ± 0.88
Center of mass (%), right to left 44.59 ± 6.16
Shoulder distraction/compression force –4.67 ± 2.97
Upper extremity pain 0.34 ± 0.48

aKnee flexion: (þ) flexion, (–) extension; normalized stride
length: % of body height; trunk flexion: (þ) flexion, (–) extension;
trunk rotation: 0� ¼ facing forward to the catcher, 90� ¼ rotated
toward the pitching arm side; trunk lateral flexion: (þ) toward
pitching arm side, (–) toward glove arm side; normalized shoulder
flexion/extension: (þ) flexion, (–) extension; normalized shoulder
abduction/adduction: (þ) adduction, (–) abduction; normalized
shoulder rotation: (þ) internal rotation, (–) external rotation; cen-
ter of mass (%), right to left: (>50%) left side, (<50%) right side;
shoulder distraction/compression force: (þ) compression, (–) dis-
traction.

TABLE 1
Demographic Variablesa

Variable
Without

Pain (n ¼ 24)

Upper
Extremity

Pain (n ¼ 13)
Total

(N ¼ 37) P

Height, cm 174.26 ± 4.96 172.60 ± 11.49 173.67 ± 7.77 .543
Weight, kg 74.78 ± 9.97 86.75 ± 13.02 78.98 ± 12.40 <.004b

Age, y 19.91 ± 1.35 19.69 ± 1.18 19.84 ± 1.28 .681

aData are reported as mean ± SD.
bSignificant difference between study groups at P < .05.
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commonly known as “anchoring” when the back foot pre-
vents the body from exploding forward through the pitch and
results in a backward-shifted COM. Although previous stud-
ies have indicated that longer stride lengths result in greater
ball velocity,38,39 it has also been noted that there is a stride
length of diminishing returns, as the body must be in an
optimal position to create resistance in which the body can
rotate through to ball release.10 A stride that is too long will
cause the pitcher’s COM to be located closer to the back
push-off leg rather than centered within the base of
support.23

The dynamic movement of the windmill softball pitch
requires adequate energy transfer from the lower extremity
in an attempt to decrease the physical demands placed on
the distal segments of the upper extremity.27 The finding of
increased stride length and a posterior shift in the COM
over the base of support could ultimately decrease the abil-
ity to not only generate but also transfer energy up the
kinetic chain for optimal ball velocity.10,23 Because
the lower and upper extremities are integrated within the
kinetic chain, a premature lower-half drive before the deliv-
ery phase of the pitch may result in a faulty kinetic chain
link and increased susceptibility to injuries. Coaches and
clinicians should take this information and develop pro-
grams that promote athletes’ ability to balance their COM
over their base of support, even through the dynamic pitch-
ing motion.

Discovering the indicators of current upper extremity
pain may provide valuable information for coaches, clini-
cians, and sports medicine personnel. Understanding the
factors related to pain within windmill softball pitchers
before a pain-induced time-loss injury may postpone or
even prevent such injuries. Through research such as this,
sports medicine professionals can use this information to
clinically assess for pain-predicative pathomechanics and
counter any deficiencies through interventions, such as
core strengthening for lagging trunk rotation, propriocep-
tive training for COM, and stride leg positioning. The
increase in participation in competitive softball17 necessi-
tates a call for the dedication of more sports medicine pro-
fessionals to be trained in the recognition and prophylactic
treatment of injuries through corrective exercises of pitch-
ing pathomechanics.

While certain pathomechanics may cause pain, the pos-
sibility of pain affecting pitching mechanics also exists. In a
previous study,19 we reported that NCAA Division I pitch-
ers pitching with pain experienced greater shoulder kinet-
ics during the pitch. It is unknown whether the kinematic
variables associated with pain discussed in this study are
also associated with upper extremity kinetics. However, a
logical conclusion is that in the presence of pain, an athlete
may be inclined to compensate mechanically to reduce the
amount of stress placed on the painful structure. Further
studies are needed to determine which of these, pain or
pathomechanics, affects the other.

When examining the study groups, a difference in weight
was observed between the pain and pain-free groups (Table
1) that was not included in the analysis. Body fat measure-
ments were not taken to determine differences in lean mass
versus fat mass, so kinetic measurements being normalized

to weight may not be quite as meaningful in that greater
lean body mass could indicate a better ability to respond to
stress compared with greater mass. Differences in weight
have not been observed in the previous softball pitching
literature examining pain and pain-free groups; thus, fur-
ther research is warranted to determine the consistency of
this result and its potential impact on kinematic and
kinetic factors associated with pain.

Other limitations to this research include the sample size
and the variables included in the statistical analysis. Using
G*Power 3.1.9.2 for postcollection sample size analysis, 28
participants were needed for a power of 0.80. Therefore, it
was concluded that an ample sample size was collected for
this study. As far as the number of variables first used in
the backward elimination regression, Austin and Stever-
berg2 have suggested that 2 participants per variable is
adequate for regression analysis. This analysis used 3.7
participants per variable. Other limitations include the lab-
oratory setting, which may hinder the athlete’s level of
effort as well as typical fatigue responses under normal
in-game, competitive circumstances. As well, only the rise-
ball was used for analysis, which is not fully transferable to
in-game exposures. Future research should look at kine-
matic and kinetic differences between the types of pitches
to determine if similarities exist.

Self-reported pain as a binary measurement is also a
study limitation. However, utilizing the pain measure in
this fashion opens the door for future research to expand.
Ideally, future research should examine the pitcher’s
mechanics over time to prospectively track changes in kine-
matics and kinetics as well as the incidence and degree of
pain in specific anatomic locations. The current study
sought to answer the relationship between mechanics and
pain, while future research is needed to determine if a
causal relationship exists.

CONCLUSION

The kinematic variables of increased trunk rotation toward
the pitching arm side, increased stride length, and a poster-
iorly shifted COM were associated with upper extremity
pain in collegiate softball pitchers. Variables early in the
pitching motion that do not set a working and constructive
foundation for the rest of the pitch to follow could be asso-
ciated with breakdowns later in the kinetic chain, poten-
tially increasing pain susceptibility in the upper extremity.
Observation of kinematic variables through simple motion
capture can help coaches and athletes identify those vari-
ables associated with pain.

REFERENCES

1. Aguinaldo AL, Buttermore J, Chambers H. Effects of upper trunk rota-

tion on shoulder joint torque among baseball pitchers of various

levels. J Appl Biomech. 2007;23(1):42-51.

2. Austin PC, Steverberg EW. The number of subjects pre variable required

in linear regression analysis. J Clin Epidemiol. 2015;68(6):627-636.

3. Barfield J, Oliver GD. What do we know about youth softball pitching

and injury? Sports Med Open. 2018;4(1):1-3.

The Orthopaedic Journal of Sports Medicine Pain and Pitching Mechanics 5



4. Barrentine SW, Fleisig GS, Whiteside JA, Escamilla RF, Andrews JR.

Biomechanics of windmill softball pitching with implications about

injury mechanisms at the shoulder and elbow. J Orthop Sports Phys

Ther. 1998;28(6):405-415.

5. Bonza JE, Fields SK, Yard EE, Comstock RD. Shoulder injuries among

United States high school athletes during the 2005-2006 and 2006-

2007 school years. J Athl Train. 2009;44(1):76-83.

6. Burkhart SS, Morgan CD, Kibler WB. The disabled throwing shoulder:

spectrum of pathology. Part I: pathoanatomy and biomechanics.

Arthroscopy. 2003;19(4):404-420.

7. Chu SK, Jayabalan P, Kibler WB, Press J. The kinetic chain revisited:

new concepts on throwing mechanics and injury. PM R. 2016;

8(suppl 3):S69-S77.

8. Day J, Murdoch D, Dumas G. Calibration of position and angular data

from a magnetic tracking device. J Biomech. 2000;33:1039-1045.

9. Fleisig G, Chu Y, Weber A, Andrews J. Variability in baseball pitching

biomechanics among various levels of competition. Sports Biomech.

2009;8(1):10-21.

10. Guido JA Jr, Werner SL, Meister K. Lower-extremity ground reaction

forces in youth windmill softball pitchers. J Strength Cond Res. 2009;

23(6):1873-1876.

11. Haung YH, Wu TY, Learman KE, Tsai YS. A comparison of throwing

kinematics between youth baseball players with and without a history

of medial elbow pain. Clin J Phys. 2010;53(3):160-166.

12. Kibler WB, Press J, Sciascia A. The role of core stability in athletic

function. Sports Med. 2006;36(3):189-198.

13. Krajnik S, Fogarty KJ, Yard EE, Comstock RD. Shoulder injuries in US

high school baseball and softball athletes, 2005-2008. Pediatrics.

2010;125(3):497-501.

14. Ludewig PM, Cook TM. Alterations in shoulder kinematics and asso-

ciated muscle activity in people with symptoms of shoulder impinge-

ment. Phys Ther. 2000;80:276-291.

15. McMullen J, Uhl TL. A kinetic chain approach for shoulder rehabilita-

tion. J Athl Train. 2000;35(3):329-337.

16. Naito K, Takagi T, Kubota H, Maruyama T. Multi-body dynamic cou-

pling mechanism for generating throwing arm velocity during baseball

pitching. Hum Mov Sci. 2017;54:363-376.

17. National Collegiate Athletic Association. Student Athlete Participa-

tion: 1982-1982—2015-2016 NCAA Sports Sponsorship and Partici-

pation Rates Report. Indianapolis, Indiana: NCAA; 2015-2016:

121-122.

18. Oliver GD, Dwelly PM, Kwon YH. Kinematic motion of the windmill

softball pitch in prepubescent and pubescent girls. J Strength Cond

Res. 2010;24(9):2400-2407.

19. Oliver GD, Gilmer G, Anz AW, et al. Upper extremity pain and pitching

mechanics in NCAA Division I softball. Int J Sports Med. 2018;39:

929-935.

20. Oliver GD, Keeley DW. Gluteal muscle group activation and its rela-

tionship with pelvis and torso kinematics in high-school baseball

pitchers. J Strength Cond Res. 2010;24(11):3015-3022.

21. Oliver GD, Keeley DW. Pelvis and torso kinematics and their relation-

ship to shoulder kinematics in high-school baseball pitchers.

J Strength Cond Res. 2010;24(12):3241-3246.

22. Oliver GD, Plummer H. Ground reaction forces, kinematics, and mus-

cle activations during the windmill softball pitch. J Sports Sci. 2011;

29(10):1071-1077.

23. Oliver GD, Plummer H, Washington JK, Saper M, Dugas JR, Andrews

JR. Pitching mechanics in female youth fastpitch softball. Int J Sports

Phys Ther. 2018;13(3):493-500.

24. Oliver GD, Plummer HA, Keeley DW. Muscle activation patterns of the

upper and lower extremity during the windmill softball pitch.

J Strength Cond Res. 2011;25(6):1653-1658.

25. Oliver GD, Washington JK, Barfield JW, Gascon SS, Gilmer GG.

Quantitative analysis of proximal and distal kinetic chain musculature

during dynamic exercises. J Strength Cond Res. 2018;32(6):

1545-1553.

26. Powell JW, Barber-Foss KD. Injury patterns in selected high school

sports: a review of the 1995-1997 seasons. J Athl Train. 1999;34(3):

277-284.

27. Putnam CA. Sequential motions of body segments in striking and

throwing skills: descriptions and explanations. J Biomech. 1993;

26(suppl 1):125-135.

28. Pytiak AV, Kraeutler MJ, Currie DW, McCarty EC, Comstock RD. An

epidemiological comparison of elbow injuries among United States

high school baseball and softball players, 2005-2006 through

2014-2015. Sports Health. 2018;10(2):119-124.

29. Rechel JA, Yard EE, Comstock RD. An epidemiologic comparison of

high school sports injuries sustained in practice and competition.

J Athl Train. 2008;43(2):197-204.

30. Rojas IL, Provencher MT, Bhatia S, et al. Biceps activity during wind-

mill softball pitching: injury implications and comparison with over-

hand throwing. Am J Sports Med. 2009;37(3):558-565.

31. Roos KG, Marshall R, Kerr ZY, et al. Epidemiology of overuse injuries

in collegiate and high school athletics in the United States. Am J

Sports Med. 2015;43(7):1790-1797.

32. Sauers EL, Dykstra DL, Bay RC, Bliven KH, Snyder AR. Upper extrem-

ity injury history, current pain rating, and health-related quality of life in

female softball pitchers. J Sport Rehabil. 2011;20(1):100-114.

33. Shanley E, Rauh MJ, Michener LA, Ellenbecker TS. Incidence of inju-

ries in high school softball and baseball players. J Athl Train. 2011;

46(6):648-654.

34. Shanley E, Rauh MJ, Michener LA, Ellenbecker TS, Garrison JC, Thig-

pen CA. Shoulder range of motion measures as risk factors for shoul-

der and elbow injuries in high school softball and baseball players. Am

J Sports Med. 2011;39(9):1997-2006.

35. Skillington SA, Brophy RH, Wright RW, Smith MV. Effect of pitching

consecutive days in youth fast-pitch softball tournaments on objec-

tive shoulder strength and subjective shoulder symptoms. Am J

Sports Med. 2017;45(6):1413-1419.

36. Smith MV, Davis R, Brophy RH, Prather H, Garbutt J, Wright RW.

Prospective player-reported injuries in female youth fast-pitch soft-

ball. Sports Health. 2015;7(6):497-503.

37. Veeger HE. The position of the rotation center of the glenohumeral

joint. J Biomech. 2000;33(12):1711-1715.

38. Werner SL, Guido JA, McNeice RP, Richardson JL, Delude NA, Stew-

art GW. Biomechanics of youth windmill softball pitching. Am J Sports

Med. 2005;33(4):552-560.

39. Werner SL, Jones DG, Guido JA Jr, Brunet ME. Kinematics and kinet-

ics of elite windmill softball pitching. Am J Sports Med. 2006;34(4):

597-603.

40. Wicke J, Keeley DW, Oliver GD. Comparison of pitching kinematics

between youth and adult baseball pitchers: a meta-analytic

approach. Sports Biomech. 2013;12(4):315-323.

41. Wu G, Siegler S, Allard P, et al. ISB recommendation on definitions

of joint coordinate system of various joints for reporting of human

joint motion, part I: ankle, hip, and spine. J Biomech. 2002;35(4):

543-548.

42. Wu G, van der Helm FCT, Veeger HEJ, et al. ISB recommendation on

definitions of joint coordinate systems of various joints for the report-

ing of human joint motion, part II: shoulder, elbow, wrist and hand.

J Biomech. 2005;38(5):981-992.

43. Zattara M, Bouisset S. Posturo-kinetic organization during the early

phase of voluntary upper limb movement, 1: normal subjects. J Neurol

Neurosurg Psychiatry. 1998;51:956-965.

6 Oliver et al The Orthopaedic Journal of Sports Medicine



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


