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The purposes of this study were to quantify, in three

dimensions (3D), kinematic parameters of the free throw shot

with both the women's small ball and the large ball, and to

compare the parameters of the small ball to the large ball.

Nine female varsity college basketball players were filmed and

the 3D data were computed with the Nonlinear Transformation

method. Statistical analysis of parameters including ball

trajectory and body position failed to show an effect for

ball condition. Since the velocity of release was not

statistically different between the two balls and the ball

mass was different, the results suggest that impulse is the

differing factor.
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CHAPTER I

INTRODUCTION

In the 1984-85 collegiate basketball season, a change

was implemented by the NCAA Women's Basketball Rules Commit-

tee that has made a large impact on the women's game. The

rule changed the size and weight of the ball used in all col-

legiate games. The new ball is 1.27 to 3.81 cm smaller in

circumference and up to 113.4 g lighter than the regulation

ball that had been previously used by women and is currently

used by men (Steitz, 1985; Weston, 1985) . The introduction

of the "small ball" has been both welcomed and resisted by

the people associated with women's basketball.

One journalist believes that "the thought of a different

ball strips the women's game of its dignity" (Hingst, 1985,

p. 76). She states that the switch was a result of believing

the small ball would improve the game and allow women to

progress at a faster rate than if they were using the regular

basketball. She feels that the small ball might have a place

in the elementary or junior high levels but not in college

basketball. Hingst (1985, p. 76) also states that many col-

lege coaches are upset and they feel that the small ball

"wasn't researched adequately."

1
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Others feel that the small ball has increased the quick-

ness and overall play of the game. Pitts (1985) conducted an

attitude questionnaire that revealed the feelings of players

and coaches on the effect of the small ball. Results of the

survey show that 85% felt the small ball would improve perfor-

mance at the college level and 90% felt it would improve per-

formance at the junior high and high school levels.

When one is shooting the small ball, the size and weight

differences are very noticeable to the shooter. When switch-

ing from one ball to another, the shooter must make adjust-

ments in the mechanics of the shot. The exact adjustments

that must be made are not fully understood. An understanding

of the mechanical differences involved in shooting the two

balls may reveal the benefits, if any, the women's game may

gain from the small ball.

Purpose of the Study

The purposes of this study were the following:

1. To quantify, in three dimensions (31)), specific

kinematic parameters of free throw shooting performed by

college women basketball players using both the small and

large balls.

2. To compare the specific kinematic parameters of the

small ball to those of the large ball.
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Delimitations of the Study

The delimitations of the analysis include the following:

1. Only free throws were analyzed.

2. Only female college players who have used the small

ball for at least one season were used as subjects.

3. Only players demonstrating a free throw shooting per-

centage of 65% or better with both balls were used as subjects.

Limitations of the Study

The limitations of the study included the following:

1. The normal limitations of cinematography were recog-

nized including errors in digitizing and 3D data reduction.

2. The anatomical reference points necessary to make cer-

tain calculations were approximations of the exact locations.

3. The limitations inherent in the methods of determining

the body segment parameters of segment mass and center of mass

(CM) were recognized.



CHAPTER II

REVIEW OF LITERATURE

Basketball shooting is a complex skill that requires

movements in three planes. The cinematographical research

that has been conducted on basketball shooting has assumed

that the shooting action can be represented in a single

plane. As a result, all of the studies have quantified the

shooting motion in two dimensions (2D). In doing so, all

angles reported are projected angles and, therefore, may not

accurately describe the real angles if non-planar motion has

occurred.

There has been very little research conducted on the

mechanics of shooting the small ball, and of this research,

none has investigated the mechanics of college women shooting

the small ball. The first research conducted on the small

ball focused on skills tests of high school and college

female basketball players (Dailey & Harris, 1984; Pitts,

1985). The results of these studies reported that

performance on skills tests improved with the use of the

small ball. A learning affect may have occurred in the study

by Pitts (1985) because the order of treatment was not

counterbalanced. Pitts (1985) and Skleryk and Bedingfield

(1985) also investigated the relationship of selected

4
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anthropometric and upper body strength measurements to

performance. Both studies found hand size to significantly

affect performance. Skleryk and Bedingfield (1985) also

tested a third ball to see if weight, size, or a combination

is responsible for the differences found between the two

balls. They that found the third ball did not improve per-

formance in any of the skills tests.

Two studies investigating the kinematics of free throw

shooting with a small ball have been conducted with young

boys (Juhasz & Wilson, 1982; Satern, 1986). Juhasz and

Wilson (1982) studied the mini ball used in Australian youth

programs. The mini ball is 70.8 cm in circumference (1.59 to

2.86 cm smaller than the women's small ball), and similar in

mass. The Australian adult ball is slightly larger in cir-

cumference and similar in mass to the United States large

ball. They measured ball flight parameters, maximum wrist

velocity, and ankle and hip vertical displacements of 10, 9

to 11 year old boys shooting with both the mini and adult

balls. They found the only significant difference to be in

speed of release (p < .05), with the speed being greater for

the mini ball.

Satern (1986) also studied a smaller sized ball shot by

seventh grade boys. The intermediate ball, as she called it,

is smaller in both circumference (0.29 to 1.86 cm smaller)

and mass (19.0 to 80.8 g lighter) than the women's small
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ball. She measured, in 2D, ball trajectory parameters, joint

angles, position of the CM, angular velocity of the wrist

joint, and timing patterns of the joint actions for both the

intermediate and large balls. She found no significant

differences (p < .05) in four of the angles she chose to

compare statistically. Other variables that were not statis-

tically compared did yield some differences, including the

path of the CM and the mean angular velocity of the wrist.

Satern found similar joint timing patterns between the two

balls. The 13 subjects that she tested demonstrated a low

skill level as measured by their shooting percentages, and

they had not used the intermediate sized ball in competetive

play.

There have been several theoretical studies on the kine-

matics of the free throw using the large ball. The optimal

angle of release (AR) has been calculated mathematically by

Mortimer (1951), Brancazio (1981), Hay (1985), and Shibukawa

(cited in Hay, 1985) . Values of 580, 450 to 550, 490 to 550,

and 520 to 550 have been derived by each, respectively.

Mortimer (1951) based her figure on a height of release (HR)

of 5 ft (1.52 m); Brancazio (1981) based his on a range of 6

to 9 ft (1.98 to 2.74 m); and Hay (1985) used a value of

ft (2.13 m). Shibukawa (cited in Hay, 1985) extended Hay's

analysis (1985) to account for the speed of the ball. All of
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these studies calculated the AR that allows for the greatest

margin of error in the shot.

Mullaney (1957) discussed the free throw technique and

concluded that the softest impact between the rim and the

ball was the most important factor in producing a successful

shot. He stated that the softest impact would occur when the

velocity of the ball was a minimum upon entering the basket.

This condition is produced when the horizontal component of

the velocity is equal to the vertical component of the veloc-

ity, which is produced by an angle of entry (AE) of 450*.

Mullaney also stated that to minimize the velocity, the arc

length should be minimized. He claims two ways to minimize

the arc length are maximizing the height of release (HR) and

the amount of arm extension.

Experimental data on free throw shooting has been col-

lected by Hudson (1974; 1982; 1985). She filmed 25 female

basketball players of three different skill levels with a

16 mm camera and measured the trajectory of the ball, the

angular displacement of the ball, the velocity of wrist flex-

ion, the degree of trunk lean, and the ratio of the CM of the

body to the base of support. She found that the moderately

and highly skilled players kept their CM significantly closer

to their base of support and had a significantly higher

release height ratio than the lower skilled group. Hudson

also found differences, although not significant, in trunk
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inclination with the moderately and highly skilled groups

shooting with the trunk closer to vertical. All three groups

shot with a similar angle of release of 520.

Another study analyzed free throws of male college var-

sity basketball players (Hofer, 1978). He measured six

parameters of ball trajectory from 35 mm film including the

AR, AE, and HR. He calculated mean ( +D values from 220

successful free throws and found that the successful shots

had an AR of 51.30 (+ 4.50) , an AE of 40.80 ( 5.60), and a

HR of 233.8 (+ 10.7) cm.

In summary, no literature could be found giving 3D data

on basketball shooting, and there is very little literature

regarding a smaller, lighter basketball. There is also no

data on the kinematics of the small ball used by women col-

lege basketball players. The literature does include theo-

retical and experimental analyses of the free throw in 2D.



CHAPTER III

PROCEDURES

The purpose of this study was to quantify and compare

three dimensionally the specific kinematic parameters of

free throw shooting performed by college female basketball

players using both the small and large balls. The proce-

dures of collecting and reducing the data are described in

this chapter.

Subjects

Nine female college varsity basketball players who had

used both the small and large balls in competitive play for

at least one season served as subjects. The subjects were

members of the 1985-86 and 1986-87 women's varsity basketball

team at North Texas State University. All subjects were

required to demonstrate a free throw shooting percentage of

65% or greater with both balls.

Instrumentation

Data was collected with two 16 mm high speed cameras

(Model DBM-54, Teledyne Camera Systems, Arcadia, CA; and

Locam Model 51, Red Lake Corp., Morgan-Hills, CA). A five-

joint wooden cross and five three meter poles constructed of

PVC piping and marked with black tape as illustrated in

Figure 1 were used in the filming procedures. The Nonlinear

9
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Transformation (NLT) algorithm developed by Dapena, Harman,

and Miller (1982) was used to calculate the 3D data. This

algorithm utilizes the cross and poles as explained later.

The two basketballs used were within the size and

weight restrictions stated by the men's and women's NCAA

basketball rules committees (Steitz, 1985; Weston, 1985).

The large ball is defined to have a circumference between

74.93 and 76.2 cm and a mass between 567.0 and 623.7 g. The

small ball is between 72.39 and 73.66 cm in circumference

and 510.3 and 567.0 g in mass.

Testing Procedures

Two weeks prior to the filming session, the subjects were

tested to determine their free throw shooting percentages.

All subjects shot 20 free throws with each ball. The testing

procedure did not allow the subjects to shoot more than two

free throws in succsession without stepping away from the free

throw line. This procedure was used to help simulate a game

condition and thus give a better indication of the subjects'

skills. The free throw percentages of the nine subjects who

participated in the filming session were all 65% or better.

The percentages are recorded in Appendix A.

All filming took place on the same day in the Physical

Education Building on the North Texas State University campus.

The two cameras were positioned behind the baseline and inside

each sideline. They each operated at a nominal frame rate of
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90 fps. This frame rate was chosen based on a pilot study

conducted in the Physical Education Building using the

Teledyne camera with a fixed 720 shutter and four high inten-

sity lights. It is the fastest frame rate permissible given

the indoor lighting conditions.

Before filming the subjects, it was necessary to film

the cross and poles for the calibration process used by the

NLT method (Dapena et al., 1982) . The cross was filmed by

each of the two cameras, in turn. For each camera, the cross

was placed in front of the free throw line and in line with

the optical axis of the camera. The distance from the camera

lens to the cross was recorded. The cross was then filmed

with the horizontal and vertical cross arms in a plane per-

pendicular to the optical axis of the camera. This condition

was reached when the fifth cross arm, which was pointing

toward the camera, could not be seen in the image. The five

poles were filmed by both cameras simultaneously. The poles

were placed in positions to define the volume occupied by the

ball and shooter. A diagram of the calibration setup is

presented in Figure 2.

The nine subjects were randomly divided into two

groups to counter balance the order of treatment. One group

of the subjects shot with the small ball first, while the

other group shot with the large ball first. Each subject was

given as much time as needed to fully adjust to each ball
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Figure 2. Calibration setup showing camera placement,

cross positions, and positions 1-5 of the control object.
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before shooting the filmed shots on a nearby practice court.

Additional shots were taken at the filming basket to allow the

subjects to adjust to the test ball and the filming apparatus.

Each subject was then filmed shooting a minimum of three free

throws. More free throws were filmed if the three shots did

not either cleanly go through the basket or hit the rim and

then go through the basket. All shots were categorized as

either clean, rim, bank, or miss. Bank shots included any shots

that were made after hitting the backboard. To aid in the data

aquisition, white tape with black marks was placed around the

subjects' wrists, elbows, shoulders, hips, knees, and ankles to

help identify the specific anatomical reference points.

Data Acquisition Procedures

Measurements of flat footed standing reach height (SRH)

and body weight (BW) were taken for each subject. Age and a

brief basketball history including years and levels of expe-

rience with both balls was also recorded and is listed in

Appendix B. The flat footed SRH was measured with the sub-

ject facing a wall with both feet together, heels of shoes on

the floor, and toes touching the wall. The subject was

instructed to reach with the shooting hand, while keeping the

opposite hand by her side, and touch the wall as high as

possible. The distance from the tip of the longest finger to

the floor was recorded.
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The measurements of the free throw technique were made

indirectly with the aid of the cameras. The images from each

camera were converted into cartesian coordinates with the use

of a Lafayette 16 mm Analyzer (Lafayette Instrumentation Co.,

Lafayette, IN) and a Numonics Electronic Graphics Digitizer

(Model 1200, Numonics Corp., North Wales, PA) which was

interfaced with a Tektronix 4052 Graphics Computer System

(Tektronix Inc., Beaverton, OR).

For the analysis, one shot of each ball per subject was

selected from the three shots made. Only shots that were

either clean or rim baskets were included in the analysis.

The shot selected was the one most representative of the

average of the three shots. To determine the average, a

preliminary analysis was performed involving only the flight

of the ball. The parameters of velocity of release, horizon-

tal angle of release, lateral angle of release, and height of

release ratio were computed for all three shots as defined

later in this chapter.

Calibration

Before analyzing the images of the free throw shots,

data for the calibration procedure had to be extracted. An

algorithm was developed to calculate the internal camera

parameters and to measure the external camera parameters.

For each camera, the internal camera parameters were

determined by projecting one frame showing the cross onto
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the digitizing table. The two targets marked on each cross

arm were then digitized and stored by the Tektronix computer.

Given the actual measured distance between the targets and the

distance from the camera lens to the cross, the internal

camera parameters for the horizontal and vertical scaling

factors were calculated. The center of the frame was also

determined by digitizing the four edges of the projection of

the frame. These internal camera parameters were stored for

later use.

To determine the external camera parameters, a control

object with at least two targets of known length was placed in

various unknown positions in the activity area. The five three

meter poles served as this control object. The poles also had

several other targets marked on them. The external camera

parameter information was obtained by digitizing a cloud of

points. These points consisted of three points defining the

X-Y-Z references frame, the two endpoints of the known lengths

marked on the poles, and the other targets marked on the poles.

Markings on the basketball court and a target on one of the

poles were used to define the reference frame. The X-Y-Z ref-

erence frame is presented in Figure 3 showing the unit vectors

i, j, and k. The measured value of the known lengths and the

series of digitized points were stored for later use by the NLT

algorithm.
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Segment Endpoints

To record the segment endpoints, the frames of the

basketball shot, beginning with 5 frames prior to maximum knee

flexion and ending with 10 frames past ball release, were

projected onto the digitizing table. The five beginning frames

were to ensure that maximum knee flexion was quantified. The

cartesian coordinates of 21 body segment endpoints and three

points on the circumference of the ball (the ball projected

onto a cartesian plane forms a circle) were digitized and then

stored by the Tektronix computer. A list of the segments and

segment endpoints that were digitized is given in Table 1, and

a diagram of the body with ball, identifying the segments and

segment endpoints, is presented in Figure 4.

The segment endpoint data was transferred from the

Tektronix computer to an IBM PC (International Business

Machines Corp., Boca Raton, FL) for analysis. The 2D data

points from each camera were synchronized for time to within

one-half the time interval between frames. This was done by

placing a handsweep clock in the view of both cameras and

recording the hand position for every frame of each trial.

Ball Center of Mass

Before converting the 2D data into 3D data, the ball center

of mass (BCM) was calculated in 2D from each camera by a
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Table 1

Segment and Segment Endpoint Numbers

Digitized
Segment Endpoint Segment
Number Segment Number Endpoints

Head

Trunk

R Upper Arm

R Forearm

R Hand

L Upper Arm

L Forearm

L Hand

R Thigh

R Calf

R Foot

L Thigh

L Calf

L Foot

Basketball

1

2

Vertex

Chin/neck
intersect

3

4,8

5,9

6,10

7,11

12,17

13,18

14,19

15,20

16,21

22,23,24

Suprasternal
notch

Shoulder

Elbow

Wrist

Knuckle III

Hip

Knee

Ankle

Heel

Toe

Basketball

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15
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Figure_4. Body with ball identifying segments and

segment endpoints. Segment numbers are circled, endpoint

numbers are not.
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triangulation method. The 2D BCM from each camera was then

used to find the BCM in 3D. The triangulation method found

the center of the projected circle (C) formed by each camera

image. This was done by forming a triangle with the three

points digitized on the circumference of the ball. These

three points could be any three points providing no two

points lie on the same horizontal or vertical line. The

center of the projected circle is the circumcenter of the

triangle. The circumcenter of the triangle is the point of

intersection of its three perpendicular bisectors (O'Daffer &

Clemens, 1976). Figure 5 illustrates the triangulation

method.

3D Data Reduction

The two sets of 2D data, 21 segment endpoints and the

BCM, were then reduced into one set of 3D data by the NLT

(Dapena et al., 1982). The NLT procedure used the calcu-

lated internal camera parameters and the external data

gathered in the calibration procedure to solve for a system

of non-linear equations. These equations were then used to

find the 3D coordinates given the two sets of 2D points.

The 3D data was then smoothed by a quintic spline function

(Vaughan, 1980). After observing many plots of the raw 3D

data as a function time, smoothing factors of 0.0002, 0.0003,

and 0.0002 were chosen for the X, Y, and Z coordinates,

respectively.
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Figure 5. Triangulation method for finding the center

of a circle.
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The kinematic parameters that were calculated from the

3D data included ball trajectory and body position param-

eters. The ball trajectory is described by the ratio of

height of release to SRH, the angles of release, and the

velocity of release. The body position parameters include

the position of the whole body center of mass (WBCM) relative

to the subject's initial WBCM position; the angular displace-

ment of the calf, trunk, upper arm, forearm, and hand; and

the angular velocity of the upper arm, forearm, and hand.

The equations used to calculate these parameters are

presented in the remaining portions of this section.

Ball Trajectory Parameters

Height of release ratio. The ratio of the height of the

BCM at the frame of release to the SRH determines the height

of release ratio (HRR). Standing reach height was chosen to

be used in this ratio because it accounts not only for differ-

ences in subject height, but also for differences in arm

length. The following equation is used to calculate the HRR:

BCMrel

HRR = Z (I)
SRH

where rel denotes the frame of release and z denotes the

vertical component of BCM.
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Angle of release, Two angles were calculated to

describe the angle of release (AR), the horizontal AR (ARh)

and the lateral AR (AR1). The ARh is defined as the angle

between the vector formed by the BCM at the frame of release

and the five frames after release, denoted as B, and the

projection of B in the XY plane, Bp. Calculations of the

vector B accounted for the loss of vertical displacement due

to gravity. The AR1 is defined as the angle between Bp and

the unit vector j. Figure 6 illustrates these angles.

The angle, 0, between any two vectors, P and Q,, is

calculated with the cross and dot products, P x Q and P * Q,

respectively, as follows:

IPx QI
0= sin1 -for -900 < 0 < 900 (2)

P eQ

0= cos-1 P1 IQI for 00 < 0 < 1800. (3)

The cross and dot products are not as accurate when 0 is

close to the endpoints of the range over which it is

defined. For this reason, the dot product was first used

to calculate 0. If 0 was less than 450, then the cross

product was used to more accurately calculate the angle.

The cross and dot products were used for all angle

calculations.
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Figure 6. Horizontal and lateral angles of release,

ARh and AR 1 , respectively.
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Velocity of release, The vector describing the

resultant velocity of the BCM at release, VR, is defined as

the first time derivative of the BCM at release. The

velocity of release is calculated as shown in equation 4,

BI
VR = , (4)

At

where B is the gravity corrected ball vector for the five

frames after release.

Body Position Parameters

Whole body center of mass. The center of mass of the

whole body plus ball is calculated from the mass and CM of

each segment. The mass of each segment is found using the

mass proportions calculated by Clauser, McConville, and Young

(1969) . These proportions express segment mass as a

percentage of total body mass. Clauser et al. (1969) also

calculated percentages locating the CM of each segment as a

function of segment length. The percentage they calculated

for the trunk must be adjusted due to differences in the

definition of the trunk endpoints. Clauser et al. (1969)

define the proximal endpoint as the chin/neck intersect. This

definition is satisfactory as long as the head does not move

relative to the trunk. In the free throw shot, there is
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considerable flexion and extension of the head. In order to

define the trunk more accurately, the suprasternal notch is

chosen as the proximal endpoint. An adjusted trunk percentage

reported by Hinrichs (1978) will be used to reflect this

difference.

Other adjustments of the CM proportions are necessary to

the Clauser et al. data (1969). These adjustments are

necessary because of differences in definition of the segment

endpoints. Clauser et al. (1969) used the specific anatomical

landmarks of the acromion, trochanterion, and the tibiale

rather than shoulder, hip, and knee joint centers, respec-

tively, to express the CM proportions. The adjusted CM

proportions presented by Hinrichs (1982) will be used in for

the upper arm, thigh, and calf. A list of the body segments,

their proximal and distal endpoints, and the mass and CM

proportions is given in Table 2.

The Clauser et al. data (1969) is based on studies

using male cadavors. Although the distribution of mass

differs between males and females, this data is the best

available for use with female subjects. The within subjects

design of this study reduces some of the effects the male

based data could have on the results.

The mass of the segment, mi, for any segment i, is

defined as the product of the mass proportion of that
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Table 2

Center of Mass Proportions and Endpoints

Proximal Distal Mass CM

Segment Endpoint Endpoint Proportion Proportiona

Head Vertex Chin/neck 0.0728 0.4624
intersect

Trunk Suprasternal Midpoint 0.5070 0.4383b
notch between hips

Upper arm Shoulder jt. Elbow jt. 0.0263 0.4713c

Forearm Elbow jt. Wrist jt. 0.0161 0.3896

Hand Wrist jt. Knuckle 1II 0.0065 0.8198

Thigh Hip jt. Knee jt. 0.1027 0.3940c

Calf Knee jt. Ankle jt. 0.0435 0.4 095 c

Foot Heel Tip of 0.0147 0.4485
longest toe

aCM proportions are expressed as a fraction of segment
length from the proximal endpoint.

bTrunk CM proportion is adjusted from the Clauser et al.
(1969) data to correct for the change in the proximal
endpoint definition.

CAdjusted CM proportions presented by Hinrichs (1982) to
account for joint centers as proximal endpoints.
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segment, pi, and the whole body mass (M), as presented in

equation 5.

mi = piM for i = 1,...,15. (5)

A segment can be represented by a vector, R, with

proximal and distal endpoints, Rp and Rd, respectively. The

CM of any segment i, represented as the vector Ci, is defined

as follows:

Ci = R + Wi(Rp- Rd.) (6)

where Xfi represents the distance to the segment CM from the

proximal endpoint expressed as a proportion of segment

length. The CM location for a segment i is shown in Figure

7. The WBCM, represented by the vector G, is then calculated

as follows:

.,mi C.

G for i=1,..,15. (7)

The WBCM including the ball, segment 15, was calculated for

all frames up to and including release.

R -- -- - -- - - - --. RdPEE:: CM

Figure 7. Center of mass location of segment i.
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Segment angles. The following segment angles were

calculated from the 3D data: right knee flexion; body

rotation; trunk inclination and lean; right shoulder

flexion/extension and abduction/adduction; right elbow

flexion; and right wrist flexion/extension. The angles were

calculated with the cross and dot products of the specific

vectors.

The right knee flexion angle, Okf, is defined as the

amount of flexion of the calf, R0, relative to the thigh,

R9 . It is calculated as the angle between R9 and R1 0 .

Figure 8 illustrates this angle.

The two hip points form a vector Rh pointing to the

right hip which defines the body rotation angle, Obr. The

hip vector is projected onto plane XY to form vector Ph.

Body rotation is defined as the angle between the projected

hip vector and the unit vector i with the vertex of the angle

at the left hip, point 17. Figure 9 illustrates Obr-

Two angles describe the position of the trunk, trunk

lean and trunk inclination. The trunk vector, R , is pro-

jected onto the YZ plane to form P2 . Trunk lean, 0tlr is

the angle between R2 and P2 . Trunk lean to the right is

positive. The angle between P, and the unit vector k deter-

mines the amount of trunk inclination, Oti. Forward trunk

inclination is positive. The two trunk angles are illus-

trated in Figure 10.
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The shoulder is described by an angle of flexion/

extension, Osf, and an angle of abduction/adduction, Osa'

relative to the trunk. A new reference frame, X2-Y2-Z2,

attached to the trunk must be defined to calculate the angles

of the shoulder. Its unit vectors i2, j2, and k2 are

calculated in terms of the original reference frame X-Y-Z.

The origin of the new reference frame is located at the

midpoint of the line joining the two shoulder joints. The unit

vector i2 lies along the line of the shoulder joints and

points toward the right shoulder. The unit vector j2 points

anteriorly from the origin and is defined as the cross product

of i2 and the trunk vector, -R2 . R2 is defined as a vector

originating at the suprasternal notch and ending at the

midpoint between the hips. The unit vector k2 points

superiorly and is defined as the cross product between i2 and

j2. This reference frame is illustrated in Figure 11.

The upper arm, R3 , is then translated to the origin of

the new reference frame and projected in the Y2-Z2 plane to

form P. The angle between R3 and P3 defines Osa. Abduction

occurs when the X2 point of R3 is positive. Flexion/extension

is defined as the angle between P3 and the -k2 unit vector.

Flexion occurs when the Y2 coordinate of P1is positive.

The elbow flexion angle, ef, is measured relative to

the upper arm. It is the angle between R and R . The

flexion/extension angle of the wrist, Owf, is the angle
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Figure 11. Angles of shoulder flexion/extension, Osf,

shoulder abduction/adduction, Osa' elbow flexion, 0ef'

and wrist flexion/extension, Owf



36

between R4 and R. This angle may not represent pure flexion or

extension because a small amount of wrist abduction/adduction

may occur. Any motion other than flexion or extension will be

considered negligible. Figure 11 illustrates the angles of the

shoulder, elbow, and wrist with the shoulder translated to the

origin of X2-Y2-Z2.

cementt angular velocities. The angular velocities of

the right upper arm, forearm, and hand were calculated during

the free throw movement. The angular velocity vector, Coj, is

the first time derivative of angular displacement for frame

j. The angular displacement of the segment is defined as the

angle between the segment vector R during frames j-1 and j+1.

The cross product was used to solve for the angle between the

two vectors Rj-j and Rj+1 for j = 2 to n-1 frames as follows:

IRj-1 x Rj+11

Oj = sin~ '-' (8)

IRj-11 IRj+11

The direction of the angular velocity vector at a given frame

j is denoted by the unit vector, n-, perpendicular to the

instantaneous plane of rotation as follows:

Rj-l x Rj+1

nj= ^/ (9)

The aglrRvi x Rj+m

The angular velocity vector for a given segment is then
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flj Ojn,

0) = (10)
2At

where 2At represents the time elapsed between frames j-1 and

j+1.

Statistical Analysis

A statistical analysis was conducted to test for

significant differences of the dependent variables between

the two ball conditions. For each dependent variable

calculated, group means were computed for ball condition.

The dependent variables were then divided into twelve sets to

test for significant differences (p < .01) among the means of

each set. A multivariate repeated measures analysis of

varaince (MANOVA) was performed for each of the twelve sets.

The twleve sets of dependent variables are listed in Table 3.

A post-hoc analysis was performed on the subsets that

were found to be significantly different by running a t-test

for paired observations (p < .01) on the dependent variables

of those subsets.
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Table 3

Twelve Sets of Dependent Variables

Set Dependent Variables

1 VR, HRR, AR1 , and ARh

2 WBCMx, WBCMy, and WBCMz at release

3 minimum displacements of WBCMX, WBCMy, and WBCMz

4 maximum displacements of WBCMx, WBCMY,

and WBCMz

5 minimum angles of knee flexion, shoulder
flexion/extension, elbow flexion, and hand
flexion

6 minimum angles of shoulder abduction/adduction,

7 maximum angles of knee flexion, shoulder
flexion/extension, elbow flexion, and hand
flexion

8 maximum angles of shoulder abduction/
adduction, body rotation, trunk lean,
and trunk inclination

9 angles of knee flexion, shoulder
flexion/extension, elbow flexion, and hand
flexion at release

10 angles of shoulder abduction/adduction, body
rotation, trunk lean and trunk
inclination at release

11 three segment angular velocities at release

12 three segment angular velocities at their
peak values



CHAPTER IV

RESULTS

The three dimensional parameters calculated to describe

the action of the free throw shot can be divided into two

groups: (a) parameters describing the ball trajectory and (b)

parameters describing body movement. The means and standard

deviations of these parameters, calculated for the nine

subjects, are presented in this chapter for both ball condi-

tions. Results of the statistical analysis are also

presented.

Ball Trajectory Parameters

Height of Release Ratio

The HRR values for the small and large balls, respec-

tively, were 0.97 ( 0.10) and 1.01 ( 0.06). The HRR is

defined as the ratio of the BCM at release over the SRH. A

ratio less than one, such as the HRR of the small ball,

indicates that the ball was released lower than the subject's

SRH. Likewise, a HRR greater than one shows that the ball was

released higher than the subject's SRH.

Angle of Release

The angle of release of the ball has two components,

the ARh and the AR1 . For the small ball, the ARh was

39



40

48.770 ( 4.600). For the large ball, it was 51.150

( 2.660) . This angle is measured as the angle the ball

vector forms with a horizontal plane at release.

The AR1 was found to be 2.260 (+ 2.940) and -0.68'

( 2.350) for the small and large balls, respectively. The AR1

describes the angle formed by the ball vector at release and a

vertical plane containing points on the center of the basket

and the center of the free throw line. If the ball is

released from the center of the free throw line, this angle is

positive when the ball is shot to the right of the center of

the basket, and it is negative if the ball is shot to the

left. In an ideal free throw, the path of the ball lies in

the vertical plane referenced above, and the AR1 is zero.

This is rarely the case since the ball may not be released

exactly in the plane, and the ball does not necessarily need

to be in the plane when it enters the basket. The size of the

basket allows for lateral variation in the flight of the ball.

The basket's diameter is more than two times the diameter of

the large ball.

Velocity of Release

The velocity of release is the final parameter measured

to describe the ball trajectory. It is higher for the large

ball at 5.66 (+ 0.83) m/sec. The small ball was released at

4.93 ( 1.17) m/sec.



41

For the statistical analysis, the four ball trajectory

parameters were grouped as a set for the MANOVA test. The

MANOVA tests for significance of the ball condition within

subjects effect. The observed level of significance for this

test was less than .0005. Therefore, the multivariate tests

were significant at the .01 level and a post-hoc analysis was

justified. The post-hoc t-tests for paired observations was

performed for each of the four ball trajectory parameters.

Results of the t-tests did not find any of the four parameters

to be significant at the .01 level.

Body Position Parameters

Whole Body Center of Mass

The WBCM was measured for all frames up to and including

the frame of release. Each frame has three components corre-

sponding to the X, Y, and Z planes. The WBCM values recorded

for statistical purposes were the minimum and maximum values

over all frames, and the value at the frame of release. The

means and standard deviations of these three values, for each

plane, and for both ball conditions are presented in Table 4.

The WBCM values were normalized for each subject to

allow comparisons between and within subjects. This was

necessary because each subject could have a unique starting

position behind the free throw line, since no attempt was

made to control the subjects' initial body positions.
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Normalizing the body position values in each of the planes,

so the WBCM starting position was (0,0,0), compensates for

the different starting positions. It also allowed the

subjects to shoot their normal free throw shot without any

alterations.

Table 4

Mean Center of Mass Values

Mean ( D.) (cm)

WBCM Small Ball Large Ball

X at Min -3.4 (+ 2.7) -3.4 (+ 3.2)
Y at Min -4.0 (+ 3.5) -2.4 (+ 3.0)
Z at Min -6.3 ( 6.5) -6.2 ( 8.0)

X at Max 0.3 ( 0.3) 0.3 (+ 0.5)
Y at Max 2.4 ( 3.8) 2.4 (+ 3.8)
Z at Max 29.8 ( 10.6) 31.9 (+ 9.3)

X at Rel -3.1 (+ 3.1) -3.1 ( 3.5)
Y at Rel 0.2 ( 5.5) 0.8 ( 4.4)
Z at Rel 29.8 ( 10.6) 31.9 ( 9.3)

The X component of the WBCM represents the amount of

lateral movement of the system. Negative values indicate

movement to the subject's left. For the Y component, positive

values show anterior movement toward the basket and negative

values represent posterior movement away from the basket. The

Z component, which describes the vertical motion, represents
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positive values as upward movement and negative values as

downward movement.

The WBCM data was divided into three sets for the

statistical analysis. The first set included the X, Y, and Z

components for the minimum values of the system center of

mass. The observed level of significance for the MANOVA test

for the ball condition within subject effect on this set was

.398. Therefore, the multivariate tests were not significant

at the .01 level. This indicates none of the minimum WBCM

dependent variables were significantly different within

subjects, and the post-hoc analysis was not warranted.

The second set consisted of the X, Y and Z components for

the maximum values of the WBCM. The observed level of

significance for the MANOVA test was less than .0005 which was

well under the .01 confidence level. The post-hoc t-test for

paired observations was performed for each of the three

maximum WBCM components. The observed significance levels for

each of the parameters failed to be significant at the .01

level.

The third set of the WBCM data included the X, Y, and Z

values at release. The results of the MANOVA test showed that

the multivariate tests were significant at the .001 level.

However, the post-hoc L-tests for each of the three release

values were not significant at the .01 level.
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SeQment Angles

The eight segment angles defined in Chapter III were

measured throughout the free throw shot. The nature of the

free throw shot permits the orientation of the hand, forearm,

and upper arm segments to vary between subjects. This fact

does not allow the angles of wrist flexion, wrist extension,

and wrist lateral flexion to be easily distinguished from one

another. After observing the data calculated for the wrist

flexion/extension angle, it was decided that the direction of

the measured angle could not be determined to a sufficient

level of accuracy. Therefore, the wrist angles were not

included in the statistical analysis.

The following terminology is used to distinguish the

direction of positive and negative angles for the remaining

seven angles according to their definitions in Chapter III.

Positive body rotation angles represent left rotation and

negative angles represent right rotation. Positive trunk

inclination angles correspond to trunk flexion and negative

angles correspond to trunk hyperextension. Positive trunk

lean indicates right lateral flexion and negative trunk lean

indicates left lateral flexion. Shoulder flexion angles are

positive while extension angles are negative. Shoulder

abduction angles are positive and shoulder adduction angles

are negative. All knee flexion and elbow flexion angles are

positive.
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The minimum and maximum angles and the angles at release

were recorded for both ball conditions. Table 5 gives a

summary of the means and standard deviations of the minimum

angles.

Table 5

Means of Minimum Values of the Seven Segment Angles

Mean ( SD) (deg)

Angle Small Ball Large Ball

Shoulder Abd/Add -0.74 (+ 2.00) 0.05 (+ 0.41)
Body Rotation 0.43 (1 5.08) 1.95 ( 6.30)
Trunk Inclination 3.17 ( 4.07) 3.49 ( 4.04)
Trunk Lean -0.82 ( 1.22) -0.92 ( 1.35)
Knee Flexion 12.22 ( 8.15) 14.83 ( 6.77)
Shoulder Flex/Ext 5.00 (+10.12) 5.95 (+12.94)
Elbow Flexion 26.80 ( 20.55) 25.91 (+19.22)

For the statistical analysis, the seven segment angles were

divided into two groups. The first group consists of the

angles describing the larger flexion movements which includes

knee flexion, shoulder flexion/extension, and elbow flexion.

This group is referred to as the flexion group. The second

group consists of the the remaining four angles which describe

smaller or minor movements of the shot. These angles include

shoulder abduction/adduction, body rotation, trunk inclina-

tion, and trunk lean. This group is referred to as the minor

M-- --. -Mft



46

group. Each group was then divided into three sets, one for

the minimum, maximum, and release angles each.

For the two sets measuring the minimum angles, the

results of the MANOVA tests found levels of significance to be

.302 for the flexion group and .175 for the minor group.

These levels were not less than .01 so the post-hoc analysis

was not performed.

A summary of the maximum segment angles is given in Table

6. The level of significance of the MANOVA test was .001 for

the flexion group and .004 for the minor group. The resulting

post-hoc t-tests did not find any significant differences less

than .01.

Table 6

Means of Maximum Values of the Seven Segment Angles

Mean (+ SD) (deg)

Angle Small Ball Large Ball

Shoulder Abd/Add 9.84 (+14.93) 9.41 (+15.20)
Body Rotation 5.50 (+14.55) 7.89 (+15.70)
Trunk Inclination 21.92 (+14.38) 25.01 (+11.60)
Trunk Lean -4.99 (+ 5.51) -6.15 (+ 5.13)
Knee Flexion 82.40 (+16.26) 84.56 (+14.20)
Shoulder Flex/Ext 128.13 ( 16.20) 123.93 (+17.80)
Elbow Flexion 123.12 (+12.29) 127.79 (+12.11)
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A summary of the segment angles at release is given in

Table 7. The observed level of significance for the MANOVA

test in the flexion group was less than .0005. None of the

three flexion angles, however, were found to be significant by

the post-hoc t-tests at the 0.01 level. The MANOVA test was

not significant at the .01 level for the minor group.

Table 7

Means of Seven Segment Angles at Release

Mean (+ SQ) (deg)

Angle Small Ball Large Ball

Shoulder Abd/Add 0.45 ( 6.07) -0.40 (+ 4.27)
Body Rotation 4.07 (+10.43) 3.99 (+11.37)
Trunk Inclination 2.92 (+ 5.63) 5.23 (+ 4.74)
Trunk Lean -3.65 ( 2.97) -5.12 (+ 2.89)
Knee Flexion 23.19 (+11.70) 25.70 (+12.75)
Shoulder Flex/Ext 112.73 (+18.05) 106.54 (+19.36)
Elbow Flexion 46.36 (+16.46) 46.09 (+21.43)

Segment Angular Velocities

The angular velocities of the right upper arm, forearm,

and hand were recorded at release and at their peak values.

These values are listed in Table 8 for both ball conditions.

For the statistical analysis, these variables were divided

into two sets, one for the angular velocities at release and

one for the peak angular velocities. The MANOVA tests for
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both of these sets yielded significance levels of less then

0.0005. The post-hoc t-tests failed to show significance

levels of less than .01 for any of the six parameters.

Table 8

Means of Angular Velocities

Mean (+ SD) (deg/sec)

Segment Small Ball Large Ball

Upper Arm at Rel 9.37 ( 3.78) 9.56 (+ 3.92)
Forearm at Rel 23.54 ( 8.67) 23.68 (+10.45)
Hand at Rel 26.27 ( 8.28) 25.05 (+ 7.76)

Peak Upper 20.58 (+ 4.95) 20.44 (+ 7.75)
Peak Forearm 49.78 (+ 9.52) 52.39 (+11.57)
Peak Hand 41.23 (+12.23) 32.95 (+ 9.99)

In summary, 8 of the 12 sets used in the MANOVA test

were found to be significantly different at the .01 level.

None of the dependent variables of the eight sets, however,

were able to show a significant difference in the post-hoc

tests at this confidence level.



CHAPTER V

DISCUSSION AND CONCLUSIONS

Chapter IV presented the kinematic parameters measured

to describe the free throw shot. In this chapter, the

results of the three dimensional analysis are compared to the

data found in the literature. The results of this study are

also examined and the statistical findings are discussed.

Comparison to Literature

The one parameter describing the free throw shot that

has been studied and measured most often is the angle of re-

lease of the ball. In Chapter II, the theoretical calcula-

tions of Mortimer (1951), Brancazio (1981), Hay (1985), and

Shibukawa (cited in Hay, 1985) found the AR of the free throw

shot that permitted the greatest margin of error to range

from 450 to 58*.

Comparison of the theoretical and observed angles re-

vealed similar results. Hudson (1974; 1982; 1985) measured

the AR of female college varsity players shooting with the

large ball, and found it to be 52.50 (i 4.90) . Hofer (1976)

found the AR to be 51.30 ( 4.5*) for male college players.

Satern (1986) measured angles of 50.80 ( 1.30) for the

intermediate ball, and 50.50 (+ 1.30) for the large ball for

her seventh grade boys. Juhasz and Wilson (1982) found the

49
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AR to be 56.30 (+ 3.20) and 56.90 (+ 3.0) for junior boys

shooting the adult and junior balls, respectively. They also

measured adults shooting with the adult ball and found the AR

to be 47.10 ( 3.10) . The values measured in this study, of

48.80 (+ 4.60) for the small ball, and 51.20 (+ 2.70) for the

large ball, are consistent with the previous findings.

The velocity of release was also measured in several of

the related studies. Hudson (1974; 1982; 1985) found the VR

for the female college players to be 7.04 (+ 0.3) m/sec.

Satern (1986) found similar values for the two balls she

studied. The intermediate ball was released at 6.99 ( 0.14)

m/sec, and the large ball was released at 7.00 (+ 0.14)

m/sec. Juhasz and Wilson (1982) measured the adults shooting

with the adult ball at 6.12 (+ 0.30) m/sec. The juniors shot

the junior ball at 6.96 (+ 0.25) m/sec, and they shot the

adult ball at 6.73 ( 0.26) m/sec. The findings of this

study had slightly lower VR values (4.9 (+ 1.2) and 5.7

( 0.8) m/sec for the small and large balls, respectively).

The angle of release, velocity of release, and height of

release are interrelated variables that determine the flight

of the ball. The lower the height of release of the ball,

the larger the angle and velocity must be to ensure a made

shot. Pre-adolescent boys, such as those in the Juhasz and

Wilson (1982) study, can be expected to have lower heights of

release due to their smaller standing heights. Juhasz and
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Wilson (1982) reported the height of release to be 0.75 m

lower than the height of release of the adult shooters

tested. It follows that the junior boys would have greater

values for the angle and velocity of release to compensate

for the greater distance the ball must travel to reach the

basket. The measurement of joint angles of the free throw

shot is a way to evaluate technique and skill. Hudson (1974;

1982; 1985) measured the angle of trunk inclination and found

it to be 3.0' (+ 1.70) at release. She states that the better

skilled players keep their trunk closer to vertical when

shooting. The subjects of this study showed a very similar

trunk inclination angle at release for the small ball (2.90

( 5.60)) and a slightly larger angle for the large ball

(5.20 ( 4.70)) .

Satern (1986) measured shoulder flexion/extension and

elbow flexion angles at release. She found shoulder flexion

angles of 56.80 (+ 2.30) and 55.10 (+ 2.30) for the interme-

diate and large balls, respectively, compared to the angles

of 112.70 ( 18.10) and 106.50 ( 19.40) for the small and

large balls in this study. She also found elbow flexion

angles of 134.20 ( 4.00) and 133.60 ( 4.60) while the angles

of this study are much smaller at 46.40 ( 16.50) and 46.10

( 21.40) . The large differences in the results of these two

studies can be attributed to the skill levels of the sub-

jects. Seventh grade boys have not yet developed the
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coordination and the timing of the joint actions involved in

shooting to the same level as experienced college athletes.

The angles generated by Satern's subjects indicate that their

shooting motion was more horizontal rather than vertical.

This suggests more of a horzontal type motion rather than the

upward arm motion used by higher skilled players.

Discussion

The statistical analysis reported in Chapter IV failed

to find any of the dependent variables to be significantly

different (p < .01) for the ball condition effect. After

examining the results of the dependent variables, this is not

too surprising. The lack of statistical significance can be

attributed to the small number of subjects and to the large

variance seen in all of the dependent variables. A larger

sample size would increase the power of the statistical

analysis and possibly reduce the amount of variance. There

are two factors contributing to the variance: (a) a large

variation in the free throw techniques between subjects and

(b) the limitations of the study.

After viewing the films of the nine subjects, only two

subjects utilized noticeably different shooting techniques.

One subject displayed a large amount of trunk extension prior

to ball release. The large variances seen in the trunk

inclination angles could be a result of this. Another

subject displayed an unusual amount of shoulder abduction

4-Xw
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during the shot. This could contribute to the large amount

of variance seen in the maximum shoulder abduction angle.

The variance in the kinematic parameters could be

related to the limitations of this study. The obvious

limitations in determining the segment endpoints by visually

approximating the joint centers cannot be overlooked. The

limitations of cinematography were further complicated by a

less than optimal focus on one of the two cameras. This

increased the probability of error associated with the joint

center approximations.

There is some error associated with the transformation

of the digitized points into 3D coordinates. Although the

validity of the NLT method used by this study has been

documented, the lack of experience with this method by the

author could be reflected in the results. The five three

meter poles with marked known lengths were placed in

positions to define the volume occupied by the ball and

shooter as required. The five poles were placed vertically

around the free throw line. It was later learned, however,

that the known lengths should be placed in various orienta-

tions to give as much information as possible when solving

for the external camera parameters. Since the known lengths

were all oriented in the Z direction, the X and Y values of

this study may have been affected by this oversight.



54

Conclusions

Despite all of the variance found in the dependent vari-

ables, it is possible that the kinematic parameters measured

in this study would not be significantly different at the .01

level. As mentioned earlier, shooters do perceive a differ-

ence when shooting the two balls, and they must make some

type of adjustment when switching between balls. This

adjustment could possibly be seen in the amount of impulse

generated during the shot. A greater impulse may be neces-

sary to shoot the larger and heavier ball. A greater impulse

could be produced by increasing the time it takes the shooter

to release the shot or by increasing the forces generated by

the shooter or by increasing both.

The results of this study provide some support to this

theory. Newton's second Law of Motion tells us that F = m a.

This can be restated as F = mov/t. Since the mass of each

ball is different and similar values for the velocity of re-

lease were found, then either the forces or the time of the

shot or a combination of both must be the differing factor.

If the forces do not change, then the time of the shot must

decrease to uphold Newton's Second Law. Similarly, if the

time remains the same, then the forces must decrease.

In free throw shooting, total time of the shot is proba-

bly not the key difference since a player is given ten

seconds to perform the activity. In jump shots, however,
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releasing the ball in the shortest amount of time is extreme-

ly important. Also, the amount of force necessary to release

the ball increases as the distance away from the basket

increases. Therefore, a change in impulse could be the key

change players must make when switching between the two

balls. In a free throw shot, this change is probably more

subtle since the distance from the basket is relatively short

and time is not a factor. Jump shots were not investigated in

this study because of the large amount of variance existing

in jump shot techniques by different players.

Suggestions for Further Research

The results of this study suggest the need for further

research on this topic. A similar study utilizing more sub-

jects would give a better indication if the kinematic parame-

ters measured do reflect any differences in shooting with the

two balls. This study also suggests that research on jump

shots with the small ball may reveal better results. Studying

the impulse generated during both free throws and jump shots

at varying distances from the basket is recommended. Other

methods of investigating shooting techniques include the use

of elctromyography and force plate data.
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Table 9

Free Throw Shootinc Percentages

Subject Small Ball Large Ball

1 75 % 85 %

2

3

4

5

6

7

8Q

70

75

65

90

65

80

80

80

65

65

90

90

0 bb 90

9 70 70

arpm ilp -, , . I .I - 4
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Table 10

Subject Data and History

Years Played Years Played
Subject Weight (kg) SRH(cm) Small Ball Large Ball

1 52.6 204.5 1984-85 1975-84

2 58.1 212.0 1984-86 1977-84

3 72.6 231.2 1984-86 1978-83

4 63.3 221.5 1984-86 1978-84

5 60.8 212.5 1984-86 1978-84

6 62.6 213.5 1986 1976-84

7 57.2 214.9 1986 1981-85

8 64.6 215.2 1984-86 1979-84

9 78.5 227.3 1985-86 1980-84
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