
In a study of pitchers participating in the 1989 College
Softball World Series, Loosli et al7 concluded that there
were significant numbers of time-loss injuries in windmill
softball pitchers. They also concluded that most of these
injuries were a direct result of pitching. Although the game
of softball is similar to that of baseball, significant differ-
ences exist between the 2 sports. In comparison to the ele-
vated mound used by baseball pitchers, softball pitchers
throw from a flat pitching circle. This circle is 40 ft (12.2 m)
from home plate, whereas the baseball mound is 60 ft 6 in
(18.4 m) from home plate.

The most significant difference between baseball and soft-
ball is how the pitchers are managed. In softball, the number
of outings and pitches thrown in 1 week can be far in excess

of those of elite baseball players. For example, softball
pitchers may pitch as many as 10 games during a weekend
tournament. Each game has 7 innings. Approximately 1500
to 2000 pitches may be thrown in a 3-day period. This pitcher
management is based in part on tradition and in part on
necessity. Pitch counts have traditionally been monitored in
baseball. All governing bodies of youth baseball limit the
number of innings pitched per week, and college and profes-
sional levels of the sport, although not forced to limit pitches,
have adopted their own strategies to protect their pitchers.

The Amateur Softball Association, the national govern-
ing body for softball in the United States, has no rules lim-
iting the number of innings or pitches at any level of play.
Although it is unclear whether the low number of pitchers
found in softball is a cause or a result of the lack of pitch
limitations in softball, fewer pitchers are developed in soft-
ball as compared with baseball. Whereas the 2000 U.S.
Olympic baseball team carried 13 pitchers on their 25-man
roster, the Olympic softball team carried 5 pitchers on a
15-woman roster that same year (http://sportsillustrated
.cnn.com/olympics/news/2000).

It has been estimated that the number of athletes com-
peting in the sport of softball has doubled during the past
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2 decades.3 Despite the increasing popularity of the sport,
however, there are few quantitative studies that have
assessed the kinematics and kinetics of softball pitching.
To our knowledge, no previous study has examined an elite
group of softball pitchers in a game situation. The purpose
of this study was to investigate the relationships between
kinematic parameters and shoulder distraction and to
compare the magnitudes of joint loads with those reported
for collegiate softball and professional baseball pitchers.
By comparing these joint loads with those found in base-
ball pitching, softball pitching injury mechanisms can
begin to be described. Knowledge of the speeds of move-
ment and magnitudes of joint loads will allow physicians,
physical therapists, and athletic trainers to devise better
diagnostic and rehabilitative protocols appropriate for
these athletes.

MATERIALS AND METHODS

Twenty-four elite female pitchers (mean age, 25 ± 4 years;
height, 170 ± 10 cm; mass, 72 ± 7 kg) competing in the 1996
Olympic Games served as subjects. Eight countries
(Australia, Canada, China, Chinese Taipei, Japan, the
Netherlands, Puerto Rico, and the United States) were rep-
resented in this study. Of the athletes, 18 were right-hand
dominant and 6 were left-hand dominant. All of the sub-
jects were asymptomatic at the time of data collection. Data
were collected during the Olympic softball competition
as part of the International Olympic Committee’s (IOC’s)
Sub-commission on Biomechanics and Physiology Olympic
Research Grant program. This study was reviewed and
approved by the IOC.

To accommodate both right-handed and left-handed pitch-
ers, three 120-Hz cameras (Peak Performance Technologies,
Englewood, Colo) were used to gather video images. Two
cameras, placed in the right-field and left-field bleachers,
provided side views. A third camera was positioned above
and behind home plate, mounted in the rafters above the
press box. The home plate camera was used for all of the
athletes. The right-field camera was used to view left-
handed pitchers, and the left-field camera was used to view
right-handed pitchers. To calibrate the pitching area, all
3 cameras videotaped a 24-point calibration frame simulta-
neously. This system and setup have been used previously to
analyze the overhand pitching motion.9,11 Horizontal and
vertical reference markers were also placed on the flat pitch-
ing mound during videotaping of the calibration object to
create a pitching-relevant reference frame. The x direction
was defined along the back edge of the pitching rubber, and
the z direction was vertical. The y direction was directed
toward home plate and was perpendicular to the x-axis and
the z-axis.

The 24 pitchers were then videotaped from the front and
appropriate throwing-side views during the 9-day competi-
tion. Pitches were charted from behind home plate, and the
ball speed (Jugs radar gun, Tualatin, Ore) and location of
each pitch were recorded. The rise ball pitch was the most
common pitch thrown by the athletes. To throw a rise ball,
the pitcher positions the throwing hand under the ball,

with the palm up and the wrist radially deviated at ball
release (REL). The forearm supinates during the delivery
phase. To impart backspin to the ball to make it “rise,” the
pitcher takes a longer stride to get “under” the ball. At
least 2 innings of high-speed video data were filmed until
1 rise ball pitch thrown for a strike was collected for each
athlete. The rise ball pitch with the highest velocity was
chosen for analysis. The ball had a circumference of 12 in
(30.5 cm), and the mass of the ball was 6.5 oz (0.2 kg). One
rise ball pitch thrown for a strike was chosen for examina-
tion to reduce the time and cost of manual digitization.11

A Peak Performance Motion Measurement system was
used to manually digitize the locations of 20 landmarks of
1 rise ball pitch for each subject. All of the points were dig-
itized as approximations of joint centers in each successive
frame. The time interval from 100 milliseconds before the
instant the ball left the glove until 500 milliseconds after
REL was digitized. The direct linear transformation
method was used to obtain 3D coordinate data for the ball
and each body landmark. Coordinate data were condi-
tioned with a Butterworth fourth-order, zero lag filter (cut-
off = 10 Hz, as determined by residual analysis).8,10

The duration of the windup phase of the pitch varied
between pitchers and was not included in the subsequent
analysis. A previous study demonstrated that the majority
of the kinematic and kinetic parameters have low magni-
tudes during this phase.1 Therefore, temporal phases of the
windmill pitch were defined in 2 parts: from the top of the
back swing (TOB) until the instant of stride foot contact
(SFC) and from SFC until the instant of REL. A side view
sequence of the windmill pitch is displayed in Figure 1.
The interval from TOB until REL was identified as the
delivery phase. Motion of the arm during the delivery
phase was termed downswing.

Linear and angular velocity and acceleration for each
landmark were calculated using Peak Performance utilities.
Knee, hip, elbow, shoulder flexion/extension, and shoulder
abduction/adduction angles were calculated using standard
3D calculations. Full extension at the knee and elbow joints
was considered 0°, whereas positive values indicated flexion
at the 2 joints. Upper trunk and lower trunk rotational
velocities were calculated as the change in motion through-
out the pitch from the nonthrowing to the throwing side.

The forces and torques at the elbow and shoulder joints of
the throwing arm were calculated using methods described
by Feltner and Dapena.5 To compensate for the wide range of
body types and to enable comparison between subjects, forces
were normalized for percentage of body weight (%BW), and

Figure 1. Side view sequence of windmill softball pitching
delivery. TOB, top of the backswing; SFC, stride foot contact;
REL, ball release.
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torques were normalized as a percentage of the product
of body weight and height (%BWH). Compression(+)/
distraction(−) force was calculated at the shoulder joint.
Abduction(+)/adduction(−), flexion(+)/extension(−), and
external(+)/internal(−) rotation components of the resultant
shoulder joint torque were also calculated. At the elbow,
compression(+)/distraction(−) forces were determined, as was
elbow extension(+)/flexion(−) and varus(+)/valgus(−) torque.

Stride distance was calculated as the distance from the
ankle of the pivot foot to the ankle of the stride foot in the
forward direction. To enable comparison between subjects,
this distance was also computed in terms of body height.
Stride length was defined in the forward direction and
stride position in the lateral direction. Stride angle was
defined as the arc tangent of stride position/stride length.
Stride orientation was defined as the angle, in the hori-
zontal plane, between a vector from the heel to the toe in
the forward direction. The stride parameters and their
angle conventions are illustrated in Figure 2.

A standard statistical software package (SYSTAT Inc,
Chicago, Ill) was used to further reduce the kinematic and
kinetic data. Descriptive statistics were calculated for the
24 pitchers, and means and standard deviations are
reported. Multiple linear regression analysis was used to
assess the combined effects of various kinematic and
kinetic parameters on peak shoulder distraction. First, a
correlation analysis was performed for all variables, and all
possible noncorrelated combinations of the kinematic and

kinetic parameters were assessed to reach the optimal set
of parameters. The regression analysis was then performed
on the optimal combination of parameters, which included
a constant and 27 kinematic and kinetic variables (Table 1).
An α level of .05 was used to judge statistical significance.

RESULTS

The mean ball velocity at release for the 24 rise balls was
27 ± 2 m/s (60 ± 5 mph). The mean time interval from TOB
to SFC was 50 ± 16 milliseconds for the Olympic pitchers.
The mean time interval from SFC to REL was 100 ± 17
milliseconds.

As the stride foot contacted the ground, the knee demon-
strated a mean value of 27° ± 9° of flexion. Stride length aver-
aged 89% ± 11% of body height. Stride position was variable
between subjects, with a mean value of –3 ± 14 cm, indicat-
ing that when the foot contacted the ground, on average, it
landed slightly to the first-base side of home plate for right-
handed pitchers and to the third-base side for left-handers.

Mean shoulder abduction (Figure 3) and shoulder flexion
angles at SFC were 155° ± 16° and 168° ± 35°, respectively.
The throwing arm remained reasonably straight through-
out the windmill motion. The elbow began to flex, however,
during the latter stages of the delivery phase, and at REL,
the elbow flexion angle was 18° ± 9° (Figure 3). Angular
velocity of elbow flexion reached a mean value of 1248 ± 431
deg/s at REL (Figure 4). The throwing arm remained close
to the body throughout the pitch. At REL, mean shoulder
abduction was 10° ± 13°. The release point occurred close to
the hip, with mean shoulder flexion of 356° ± 10°.

Windmill angular velocity decreased from a maximum
value of 2190 ± 583 deg/s during the late delivery phase
to 1885 ± 277 deg/s at REL (Figure 4). From an open posi-
tion of 70° ± 17° near TOB, the lower trunk (hip) angle
moved toward a closed position of 52° ± 18° at REL. To
rotate toward a closed position during the rather short
150-millisecond delivery phase, angular velocities of trunk
rotation were high. Upper trunk rotation velocity reached
a maximum speed of 779 ± 191 deg/s, whereas lower trunk
rotation velocity reached a maximum rotational speed of
616 ± 165 deg/s. Both measurements reached their peak
during the delivery phase.

The compressive force at the shoulder joint acting to
resist shoulder distraction increased steadily to a maxi-
mum of 80%BW ± 22%BW at REL. A maximum adduction
torque value of 7%BWH ± 2%BWH was found at REL. An
increasing internal rotation torque was seen after SFC.
This torque then changed direction and reached a maxi-
mum external rotation torque value of 6%BWH ± 3%BWH
before REL. Shoulder kinetic variables are exhibited in
Figure 5.

The speed of the arm as it moved through the arm circle
increased after SFC to a maximum value of 2190 ± 583
deg/s just before release. The shoulder extension torque
acting to resist shoulder flexion reached a maximum value
of 22%BWH ± 7%BWH at REL. During the follow-through
phase, as the windmill motion was slowed to a stop, the
shoulder extension torque also decreased quickly.

Figure 2. Overhead view of lower extremities showing con-
ventions for (a) stride length, (b) stride angle, (c) stride foot
orientation, and (d) hip angle.
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As in the shoulder, distraction/compression forces at the
elbow were found to be high. A maximum compression force
of 61%BW ± 19%BW occurred very close to REL. This force
acted to resist the distraction force occurring at the elbow as
the ball was released. The magnitude of the elbow varus/
valgus torque was variable among subjects but generally
increased after SFC, reaching a maximum varus torque of
9%BWH ± 4%BWH for the rise balls. This peak varus torque
acted to resist the valgus load associated with the rise REL.
As the throwing arm moved through the windmill motion,
an elbow extension torque was found to increase rapidly
just before REL, reaching a maximum value of 13%BWH ±
4%BWH during the follow-through phase. Figure 6 depicts
the time series for the elbow force and torques.

After correlation analysis, 27 kinematic and kinetic
parameters were chosen as independent variables for the
stepwise regression analysis. Residual plots indicated that
none of the traditional regression assumptions were violated.
The adjusted multiple R2 value was 0.69, and the standard
error of estimate was 8.34. The regression model was statis-
tically significant (P < .01). All 7 of the regression variables
were statistically significant (P ≤ .05) and are depicted in
Table 2.

Thus, the shoulder compression force, acting to resist
shoulder distraction, was most affected by shoulder flex-
ion, shoulder abduction, and knee angle at SFC; stride

length; stride angle; and the angles of the elbow and lower
trunk (hips) at REL. It appeared that the magnitude of
shoulder compression force would be decreased by greater
degrees of shoulder abduction at SFC and a greater stride
angle and that it would be increased by greater degrees of
shoulder and knee flexion at SFC, a longer stride, more
elbow flexion at REL, and an open position of the hips at
REL (Figure 2).

DISCUSSION

Future investigation into the aggregate effects of 3D joint
forces and torques acting at the throwing shoulder is nec-
essary to further our understanding of the relationship
between joint kinetics and injury mechanisms for windmill
softball pitchers. To directly compare with studies per-
formed on elite baseball pitchers, the regression analysis in
the current study focused on one component, compression/
distraction, of the resultant shoulder joint force. The com-
pression forces measured at the shoulder and elbow joints,
acting to resist joint distraction, occur as an obligate result-
ant of the muscle forces generated to produce the delivery
phase of the throwing motion. In all throwing activities,
maximum distraction at the elbow and shoulder joints
occurs near the time of REL.

TABLE 1
Twenty-Seven Noncorrelated Variables Included in Shoulder Distraction Regression Analysisa

Variable Coefficient Standard Coefficient P

Ball velocity, m/s –0.16 –0.38 .546
Time from TOB to SFC, s 0.15 0.36 .557
Shoulder flexion at SFC, deg 4.71 0.23 .050
Shoulder abduction at SFC, deg –2.61 –0.28 .045
Knee angle at SFC, deg 2.51 0.51 .004
Stride length, % of height 2.51 0.51 .004
Stride angle, deg –2.61 –0.28 .045
Stride foot orientation, deg 0.07 0.07 .796
Peak elbow flexion angular velocity, deg/s 0.08 0.09 .769
Peak shoulder abd angular velocity, deg/s –0.01 –0.91 .130
Peak windmill angular velocity, deg/s 0.12 0.37 .101
Peak lower trunk angular velocity, deg/s 0.41 0.35 .140
Peak upper trunk angular velocity, deg/s –0.21 –0.43 .428
Peak hip rotation, deg –0.01 –0.25 .956
Elbow angle at REL 4.72 0.47 .004
Elbow flexion angular velocity at REL, deg/s –0.08 –0.17 .300
Shoulder abduction at REL, deg 0.02 0.38 .952
Shoulder extension at REL, deg 0.30 0.48 .249
Windmill angular velocity at REL, deg/s 0.00 0.27 .988
Hip angle at REL 2.51 0.51 .004
Elbow angle during early follow-through, deg –0.07 –0.26 .778
Peak elbow distraction force, %BW 1.17 0.97 .100
Peak elbow extension torque, %BWH –0.26 –0.48 .321
Peak elbow varus torque, %BWH –0.26 –0.71 .320
Peak shoulder adduction torque, %BWH –0.55 –0.25 .110
Peak shoulder flexion torque, %BWH 0.03 0.30 .899
Peak shoulder ER torque, %BWH –0.22 –0.56 .406

aTOB, top of the back swing; SFC, stride foot contact; abd, abduction; REL, ball release; ER, external rotation;
%BW, percentage of body weight; %BWH, percentage of the product of body weight and height.
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Using similar evaluation methods in another elite athletic
population, Werner et al9 demonstrated shoulder distraction
forces of 108%BW ± 16%BW for professional baseball pitch-
ers. The distraction/compression forces displayed by pitchers
in the current study ranged from 50%BW to 149%BW and
are comparable with values previously correlated with
shoulder injuries in baseball pitchers.5,6,9 Andrews et al2

related glenoid labral pathologic changes to the distraction
applied through the long head of the biceps tendon.
Barrentine et al4 also concluded that the demands of resist-
ing glenohumeral distraction place the biceps-labral complex
at risk for overuse injury in windmill softball pitchers. Based
on these previous clinical correlations, a similar mechanism
of injury could be postulated in this group of elite windmill
pitchers.

In a previous evaluation of professional baseball pitchers,
the authors were able to determine 5 significant parame-
ters using regression analysis that explained 72% of the
variability in shoulder distraction.9 In the current study,
there were 7 parameters (Table 2) that explained 69% of
the shoulder distraction force. Thus, as was concluded in

the previous evaluation of professional pitchers, throwing
techniques that decrease the magnitude of these distrac-
tion forces at REL may result in decreased rates of injury.
Efforts to modify pitching mechanics related to the 7
parameters in the regression equation revealed by the cur-
rent study could potentially decrease a windmill pitcher’s
risk of shoulder injury. Specifically, stride length, stride
angle, the position of the shoulder and knee at SFC, and
elbow and hip angles at REL need to be monitored and opti-
mized to reduce shoulder distraction stress.

Tables 3 and 4 compare selected kinematic and kinetic
variables of the present study with the results from 1 of the
few previous quantitative studies on the windmill pitch.4

Basic differences between the methods of the 2 studies are
apparent. Barrentine et al4 videotaped 6 collegiate and 2
semiprofessional pitchers throwing in a biomechanics labo-
ratory setting. In our study, pitchers were videotaped in a
game setting. Laboratory setting data collection, although
more convenient and conducive to pitching research, lacks
the competitive motivation of a game situation and most
likely does not result in optimum performance by the athlete.

Figure 3. Time series of (a) elbow flexion and (b) shoulder
abduction angles. SFC, stride foot contact; REL, ball release.

Figure 4. Time series of (a) elbow flexion/extension angular
velocity and (b) the angular velocity of the windmill motion of
the throwing arm. SFC, stride foot contact; REL, ball release.
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The current study also used a significantly larger sample
size. Furthermore, fastballs were analyzed in the Barrentine
et al4 study as opposed to rise balls in the current study.

Most of the kinematic and kinetic parameters for the
Olympic pitchers were in agreement with values previously

reported for lesser-skilled softball pitchers.4 In general,
angular velocity values were higher for the Olympic pitch-
ers but followed similar trends found for the pitchers stud-
ied by Barrentine et al.4 Peak extension torques at the elbow
and shoulder joints were also higher than those values

Figure 5. Time series of shoulder (a) distraction(+)/
compression(−) force and (b) abduction(+)/adduction(−),
flexion(+)/extension(−), and external(+)/internal(−) rotation
torques. SFC, stride foot contact; REL, ball release.

Figure 6. Time series of elbow (a) distraction(+)/compression(−)
force and (b) extension(+)/flexion(−) and varus(+)/valgus(−)
torques. SFC, stride foot contact; REL, ball release.

TABLE 2
Variables in Final Shoulder Distraction Multiple Regression Equationa

Variable Coefficient Standard Coefficient P

Shoulder flexion at SFC 4.71 0.23 .050
Shoulder abduction at SFC –2.61 –0.28 .045
Knee angle at SFC 2.51 0.51 .004
Stride length 2.51 0.51 .004
Stride angle –2.61 –0.28 .045
Elbow angle at REL 4.72 0.47 .004
Hip angle at REL 2.51 0.51 .004

aSFC, stride foot contact; REL, ball release.
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reported previously. The higher ball speeds thrown by the
Olympians were most likely the result of the higher angular
velocities and joint torques exhibited by these athletes.

A direct comparison of elbow varus torque cannot be
made between the Olympic pitchers throwing rise balls and
the fastballs thrown in the study by Barrentine et al.4 A
rise ball is thrown with the wrist more radially deviated
and the forearm more supinated than it is for a fastball. For
that reason, the resultant elbow varus torque (104 ± 48
N·m) in the current study was higher than that reported
by Barrentine et al.4 This value is similar to the reported

elbow torque (114 ± 17 N·m) demonstrated in professional
baseball pitchers, in whom there is a high rate of ulnar col-
lateral ligament injury.11 Loosli et al7 looked at a group of
collegiate softball pitchers and found that 82% of time-loss
injuries (grades II / III) involved the upper extremity. When
these specific injuries and complaints were further strati-
fied, 31% occurred at or distal to the elbow level. In general,
the velocities and forces and torques demonstrated in this
study raise the same concerns in elite rise ball pitchers that
exist among the professional baseball pitching population.

CONCLUSION

Normative ranges for kinematic and kinetic parameters
have been established for an elite population of windmill
pitchers. Joint loads at the shoulder are similar to those
reported in professional baseball pitching, which suggests
that these athletes are at risk for overuse injuries. Specific
parameters of pitching mechanics correlate with clinically
significant injury patterns. Interventions in throwing
mechanics to decrease shoulder forces may translate into
lower rates of time-loss injury in this group of athletes.

ACKNOWLEDGMENT

The authors thank Sarah Smith, Morris Levy, and Tricia
Murrary for their assistance with data collection.

REFERENCES

1. Alexander MJ, Haddow JB. A kinematic analysis of an upper extremity
ballistic skill: the windmill pitch. Can J Appl Sport Sci. 1982;7:209-217.

2. Andrews JR, Carson WG Jr, McLeod WD. Glenoid labrum tears
related to the long head of the biceps. Am J Sports Med. 1985;13:
337-341.

3. Axe MJ, Windley TC, Snyder-Mackler L. Data-based interval throwing
programs for collegiate softball players. J Athl Train. 2002;37:194-203.

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;28:405-415.

5. Feltner ME, Dapena JJ. Dynamics of the shoulder and elbow joints of
the throwing arm during a baseball pitch. In J Sport Biomech. 1986;2:
235-259.

6. Fleisig GS, Andrews JR, Dillman CJ, Escamilla RF. Kinetics of base-
ball pitching with implications about injury mechanisms. Am J Sports
Med. 1995;23:233-239.

7. Loosli AR, Requa RK, Garrick JG, Hanley E. Injuries to pitchers
in women’s collegiate fast-pitch softball. Am J Sports Med. 1992;
20:35-37.

8. Sabick MB, Torry MR, Kim YK, Hawkins RJ. Humeral torque in pro-
fessional baseball pitchers. Am J Sports Med. 2004;32:892-898.

9. Werner SL, Gill TJ, Murray TA, Cook TD, Hawkins RJ. Relationships
between throwing mechanics and shoulder distraction in professional
baseball pitchers. Am J Sports Med. 2001;29:354-358.

10. Werner SL, Guido JA, McNeice RP, Richardson JL, Delude NA,
Stewart GW. Biomechanics of youth windmill softball pitching. Am
J Sports Med. 2005;33:552-560.

11. Werner SL, Murray TA, Hawkins RJ, Gill TJ. Relationship between throw-
ing mechanics and elbow valgus in professional baseball pitchers.
J Shoulder Elbow Surg. 2002;11:151-155.

TABLE 3
Comparison of Kinematic Data for the Present Study

and Barrentine et al4

Parameterb Olympic Pitchersa Barrentine et ala

Ball velocity, m/s 27 ± 2 25 ± 2
Max lower trunk 616 ± 165 430 ± 140

ang vel, deg/s
Max upper trunk 779 ± 191 650 ± 120

ang vel, deg/s
Max elbow flexion 1194 ± 240 880 ± 360

ang vel, deg/s
Max elbow extension 705 ± 198 570 ± 310

ang vel, deg/s
Max windmill 2190 ± 583 —

ang vel, deg/s
Max shoulder flexion — 5260 ± 2390

ang vel, deg/s
Max shoulder IR — 4650 ± 1200

ang vel, deg/s

aAll values are means ± SDs.
bmax, maximum; ang vel, angular velocity; IR, internal rotation.

TABLE 4
Comparison of Kinetic Data for the Present Study

and Barrentine et al4

Parameterb Olympic Pitchersa Barrentine et ala

Shoulder compressive 80 ± 22 98 ± 12
force, %BW

Shoulder adduction 7 ± 2 9 ± 4
torque, %BWH

Shoulder internal rotation 6 ± 3 4 ± 2
torque, %BWH

Shoulder extension 22 ± 7 10 ± 3
torque, %BWH

Elbow compressive 61 ± 19 70 ± 12
force, %BW

Elbow varus 9 ± 4 4 ± 2
torque, %BWH

Elbow extension 13 ± 4 2 ± 1
torque, %BWH

aAll values are means ± SDs.
b%BW, percentage of body weight; %BWH, percentage of the

product of body weight and height.
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