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Advisor: Daniel Lieberman Neil Thomas Roach

The Biomechanics and Evolution of High-Speed Throwing

Abstract

Throwing with power and accuracy is a uniquely human behavior and a
potentially important mode of early hunting. Chimpanzees, our closest living
relatives, do occasionally throw, although with much less velocity. At some point in
our evolutionary history, hominins developed the ability to produce high
performance throws. The anatomical changes that enable increased throwing ability

are poorly understood and the antiquity of this behavior is unknown.

In this thesis, [ examine how anatomical shifts in the upper body known to
occur during human evolution affect throwing performance. I propose a new
biomechanical model for how humans amplify power during high-speed throwing
using elastic energy stored and released in the throwing shoulder. I also propose
and experimentally test a series of functional hypotheses regarding how four key
shifts in upper body anatomy affect throwing performance: increased torso
rotational mobility, laterally oriented shoulders, lower humeral torsion, and

increased wrist hyperextensability.
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These hypotheses are tested by collecting 3D body motion data during
throws performed by human subjects in whom I varied anatomical parameters
using restrictive braces to examine their effects on throwing kinematics. These data
are broken down using inverse dynamics analysis into the individual motions,
velocities, and forces acting around each joint axis. [ compare performance at each
joint across experimental conditions to test hypotheses regarding the relationship
between skeletal features and throwing performance. I also developed and tested a
method for predicting humeral torsion using range of motion data, allowing me to

calculate torsion in my subjects and determine its effect on throwing performance.

My results strongly support an important role for elastic energy storage in
powering humans’ uniquely rapid throwing motion. I also found strong
performance effects related to anatomical shifts in the torso, shoulder, and arm.
When used to interpret the hominin fossil record, my data suggest high-speed
throwing ability arose in a mosaic-like fashion, with all relevant features first
present in Homo erectus. What drove the evolution of these anatomical shifts is
unknown, but as a result the ability to produce high-speed throws was available for

early hunting and likely provided an adaptive advantage in this context.
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Chapter 1 - An Introduction

1.1  Why throwing?

How and why do humans throw projectiles with both considerable accuracy
and high velocities? Human throwing ability is unique among animals and universal
to all human cultures. High-speed throwing was likely important during human
evolution, enabling hominin throwers to hunt more effectively and safely, to drive
off predators, and to interact aggressively with other individuals from a safer
distance than more direct forms of fighting. Despite the potential adaptive
importance of high performance throwing, little is known about the evolution of this
unique and critical behavior. This thesis investigates the biomechanics of how
humans produce high-speed throws and examines how differences in skeletal and
soft tissue anatomy affect throwing performance. The results of these analyses are
applied to the hominin fossil record in hopes of gaining insight into the evolutionary

history and antiquity of high-speed throwing.

1.2 Thesis Overview

This dissertation includes four related studies. Chapter 2 considers the
effects of humeral torsion on the range of rotational motion in the shoulder and
throwing performance. Chapter 3 proposes and tests a model for elastic energy
storage in the shoulder. Chapter 4 presents and tests a model of anatomical
variations that improve the biomechanics of power generation during rapid,

overhand throwing in humans. Finally, Chapter 5 integrates the evidence from



Chapters 2-4 with fossil and archaeological evidence to review how and when
throwing evolved and how selection for throwing may have helped modify the

hominin upper body and forelimb.

In Chapter 2, [ examine the effect of humeral torsion of rotational range of
motion at the shoulder. Humeral torsion is a highly variable angular measure that
quantifies the difference between the orientation of the humeral head and the axis
around which flexion and extension occur in the elbow. Previous studies have
shown that throwing athletes have lower levels of humeral torsion than non-
throwing athletes, and lower levels of torsion in their throwing versus non-throwing
arms (1-4). Some of these studies have also shown that throwing athletes with
higher than expected torsion are more likely to experience pain and injuries to their
shoulders (1). While these studies have attempted to link torsion values with
biomechanically meaningful measures such as rotational range of motion in the
shoulder, they have only partially confirmed these relationships. Chapter 2
investigates the relationship between humeral torsion and active range of motion by
regressing actual computed tomography (CT) derived humeral torsion values
against predicted values calculated from range of motion data (both goniometric
and 3D kinematic data). My findings show that range of motion measures are
significantly correlated with underlying humeral torsion values and can be used to

predict these values when medical imaging is not possible.

In Chapter 3, [ propose a biomechanical model for how humans achieve rapid

throws in part by using elastic energy stored in the ligaments, tendons, and muscles



crossing the shoulder. According to the model, elastic energy is used to amplify
power production by muscles, resulting in very rapid motions in the forelimb. I
further hypothesize that anatomical differences between humans and chimpanzees
compromise chimpanzees’ ability to use this elastic energy storage mechanism and
help to explain why our closest extant relatives throw so poorly. I use three lines of
evidence to test these hypotheses: 1. a kinetic analysis of humeral rotation during
throwing; 2. a quantitative comparison of actual power production at the shoulder
with modeled estimates of shoulder muscle power generation capacity; 3. an
experimental perturbation of the proposed elastic energy storage mechanism. The
results from these studies show that during normal throwing, the humerus first
externally rotates passively, stretching the elastic elements at the shoulder.
Furthermore, during this stretching a large opposing muscular force is generated by
the shoulder muscles, resulting in a sustained period of energy absorption during
which elastic energy is stored. When released, this energy can account for more than
half of the total energy required to generate the rapid internal rotation of the
humerus that follows. Mathematical modeling of shoulder joint power shows that
forces generated by shoulder muscles alone are insufficient to explain the rapid
motions of the arm, confirming the importance of the elastic energy mechanism.
Finally, a perturbation of this elastic storage mechanism using a shoulder brace
shows that storage of elastic energy at the shoulder affects the velocity of the arm
and of the projectile. We infer from these data that a mobile waist and hips, “relaxed”
laterally oriented shoulder, and low humeral torsion all increase throwing

performance by enabling more elastic energy storage and release. The presence of



all of these functionally important morphologies in Homo erectus suggests that these
hominins could throw projectiles with high-speed, and may have done so during

hunting.

Chapter 4 focuses on power generation, by testing how variations in upper
body skeletal anatomy would affect the four key motions that previous studies (5)
have shown to contribute the most to projectile velocity: 1. internal rotation of the
humerus; 2. elbow extension; 3. torso rotation; 4. wrist flexion. The performance
effects of the throwing motion were perturbed using braces that restrict particular
movements, allowing me to quantify the effects of specific components of normal
throwing using an observed vs. expected framework. I use three-dimensional
inverse dynamics analysis to decompose the complex throwing motion into the
individual rotations occurring at each joint and the forces that drive those rotations.
These joint performance data are then used to test a set of discrete hypotheses of
how joint motions are interrelated. The results suggest that high-velocity during
throwing is achieved using a combination of kinetic energy transfer between
adjacent body segments — a “kinetic chain” (6-9) — combined with substantial
power amplification from elastic energy stored at the shoulder. Restriction of
proximal joint motions at the torso and shoulder lead to significant reductions in
throwing performance measures not only in the restricted joint but also more distal
joints. These results provide insight into why the shoulder and elbow frequently

suffer repetitive stress injuries in throwing athletes.



Finally, in chapter 5, | review what is known about the mechanics of
throwing and interpret the hominin fossil record in light of these data. [ assess my
own functional hypotheses as well as previous functional morphological
interpretations of hominin fossil material relating to throwing performance and
address the biomechanical support for those interpretations. I conclude that the
morphological shifts that enable high-speed throwing behavior emerge in a mosaic-
like fashion in Australopithecus and early Homo. By Homo erectus, all the relevant
features appear to be present, suggesting that this species had modern human-like
throwing performance abilities. I conclude that such throwing ability would have
provided significant adaptive benefits for early hunting, although further research is
necessary to determine the extent to which selection for throwing or other

behaviors led to the evolution of these features.
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Chapter 2 - The Effect of Humeral Torsion on Rotational Range of Motion in

the Shoulder and Throwing Performance

2.1  Chapter Summary

Several recent studies have found that throwing athletes typically have lower
humeral torsion (retroversion) and a greater range of external rotation at the
shoulder than non-athletes. How these two parameters are related is debated. This
study uses data from a sample of both throwers and non-throwers to test a new
model that predicts torsion values from range of motion data. The model proposes a
series of predicted regressions, which can help provide new insight into the factors

affecting rotational range of motion at the shoulder.

Humeral torsion angles were measured from computed tomography scans
collected from 25 male subjects. These values are compared to predicted torsion
values for the same subjects calculated from both kinematic and goniometric range-
of-motion data. Results show that humeral torsion is negatively correlated
(Goniometric: r =-0.409, p = 0.047; Kinematic: r =-0.442, p = 0.035) with external
rotational range of motion and positively correlated (Goniometric: r = 0.741, p <
0.001; Kinematic: r = 0.559, p = 0.006) with internal rotational range of motion. The
predicted torsion values are highly correlated (Goniometric: r = 0.815, p < 0.001;
Kinematic: r = 0.617, p = 0.006) with actual torsion values. Deviations in the data
away from predicted equations highlight significant differences between high

torsion and low torsion individuals that may have significant functional



consequences. The method described here may be useful for non-invasively
assessing the degree of torsion in studies of the evolution and biomechanics of the
shoulder and arm, and for testing hypotheses about the etiology of repetitive stress

injuries among athletes and others who throw frequently.



2.2 Introduction

Humeral torsion describes the angular difference between the orientation of
the proximal humeral head and the axis of the elbow at the distal humerus. This
angle is measured at the intersection of two lines: one that evenly bisects the
articular surface of the humeral head proximally, and the second being the
transepicondylar line distally (Figure 2.1). In the clinical literature, this angle is
measured in the opposing direction and is referred to as humeral retroversion.
Therefore, a measured increase in retroversion is the same as a decrease in torsion.
These two terms simply represent different assumptions about the neutral position
of this angle (1-5). The use of alternative terms has led to some confusion in the
literature (1, 2). For clarity, we will here use exclusively the term humeral torsion

and have translated the results of previous studies cited as needed.

In humans, humeral torsion is highly variable. Torsion values have been
shown to differ between western and non-western populations (4, 6-8), males and
females (6-9), and by side of the body (6, 8, 10). Torsion also varies ontogenetically,
with younger individuals having less torsion, which then increases during postnatal
growth (5, 11-13). During normal postnatal ontogeny, torsion steadily increases by
an average of 23.4 degrees until the completion of skeletal growth (11). Much of this
change in torsion seems to occur at the proximal humerus, which is one of the last
bones in the body to fuse: only 20 percent of individuals have achieved fusion by 18

years of age (14).



Retroversion
Transepicondylar line

Torsion

Line bisecting the

articular margins of
the humeral head at
the anatomical neck

(Modified after Hernigou et al. 2002)

Figure 2.1. Humeral torsion (in blue) is determined by measuring the angle
between the orientation of the humeral head and the distal condyle of the humerus.
In the clinical literature, the same angle is referred to as humeral retroversion (in
yellow) and is measured in the opposite direction.

Many previous functional studies of humeral torsion have focused on the
relationship between torsion and habitual throwing activity (15-19). Athletes who
habitually throw tend to have 10-20 degrees less torsion in their dominant,
throwing arm compared to their non-dominant arm and the arms of non-throwing
controls (15-25). No statistical difference has been found between arms in non-
throwing controls (15, 16, 19). Furthermore, Pieper (19) shows that when throwing

athletes are subdivided into those with and without chronic pain, those reporting

10



chronic pain did not show this reduction in dominant arm torsion. Other studies
have sought to further clarify the relationship of torsion to injury by linking torsion

to rotational range-of-motion (ROM) in the shoulder (15, 17, 18).

Deficits to rotational ROM in the shoulder have long been suggested as a
potential cause of shoulder injury in throwing athletes (26-31). A recent study by
Wilk et al (26) showed that a deficit to the total rotational ROM at the shoulder of as
little as 5 degrees led to a twofold increase in the likelihood of injury. Previous work
has shown that, much like torsion, rotational ROM also differs between dominant
and non-dominant arms in throwing athletes (15-18, 22, 23, 28, 32, 33). Throwing
athletes typically have an externally shifted ROM arc in the throwing arm, with an
increase in external rotational ROM of between 9-13 degrees and a similar deficit to

the internal rotational ROM (15-18).

Beyond its relevance to understanding injury, rotational range of motion at
the shoulder may also have significant performance consequences. Glenohumeral
rotation is known to be a significant contributor to power generated during the
throwing motion (22, 34-37). Reaching angular velocities in excess of 7000 degrees
per second, the rapid internal rotation of the humerus is the fastest motion
produced by the human body and this rotation can generate very high torques (22,
35, 36). Whether modifications to the rotational ROM allow additional acceleration
of the arm and torque production at the shoulder is unknown and is an important

avenue for future research.

11



What factors contribute to variations in the rotational ROM arc is unclear.
Numerous authors have posited that these modifications result primarily from
changes to the soft tissues of the shoulder capsule (22-25, 38-43). These same
studies note the high prevalence of severe laxity in the anterior glenohumeral
capsule of throwing athletes. Burkhart and colleagues have further suggested that
this anterior laxity is accompanied by tightening of the ligaments in the posterior
portion of the capsule (31, 38). Still others have suggested that skeletal remodeling
of the proximal humerus is the major cause of modifications to the rotational ROM
at the shoulder (15-19). Several studies investigating the relationship between
humeral torsion and rotational ROM have found significant correlations between
these two variables in professional and collegiate throwing athletes (15, 17, 18).
However, these correlations have not been consistent in either strength or

directionality between studies.

Although the studies noted above have all found significant negative
correlations between external rotational ROM and torsion, the relationship between
internal rotational ROM and torsion is less clear. Osbahr et al (17) and Reagan et al
(18) found no statistically significant relationship between internal rotational ROM
and torsion in baseball pitchers. In contrast, Reagan et al (18) found these variables
to be significantly, negatively correlated in baseball players playing field positions.
This result contrasts with another study of baseball players of unspecified positions
in which internal rotational ROM and torsion were significantly, positively

correlated (15).
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We sought to clarify and generalize the relationship between humeral
torsion and rotational range of motion at the shoulder using a sample of both
collegiate athletes and non-athletes. We propose a simple, new model to predict
expected torsion values from ROM data collected using both standard goniometry
and kinematics. Our method is then validated against observed (actual) torsion
values derived from computed tomography (CT). This observed versus expected
framework allows us to generate testable predictions and move beyond simple
strength of correlation results. Using this method, we can begin to address the
complex interplay between how soft and hard tissues affect ROM at the shoulder
joint, how this interplay may relate to injury, and the possible functional
consequences of these tradeoffs. This method also provides a means to assess
ranges of motion in the fossil record, allowing us to test some hypotheses about the

evolution of throwing capabilities.

2.3 Model

We tested a model that uses ROM measures to predict torsion values and vice

versa. Our model is based on a set of simple assumptions.

We begin with the assumption that the total rotational ROM (internal +
external) is not correlated significantly with the degree of torsion, as shown by
previous studies (15, 17, 18). We therefore would expect any angular change at the
external end of the ROM arc must be coupled with a commensurate, opposing
angular change at the internal end of the ROM arc. Thus, while the values for

internal and external rotational ROM will change, the sum of these to values will not.
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This requires a one-to-one tradeoff between internal and external rotational ROM,
which accounts for the constant total ROM value, and leads to all regression
predictions between torsion and any range of motion value in our analyses having
an absolute slope of 1.0. This predicted slope allows for changes in torsion to affect
changes in the position of the ROM arc relative to the body without affecting the
total ROM. Furthermore, this assumption of a constant total ROM leads to the
prediction that the regression relationships between external rotational
ROM/torsion and internal rotational ROM/torsion should also be inversely related

(as one increases the other decreases).

Predicting torsion values from ROM data further requires the assumption
that the midpoint of the total ROM arc represents the neutral, resting position of the
humerus in relation to the scapular glenoid. If this is correct, then the location of this
neutral position should provide an indication of the degree of humeral torsion.
Individuals with a total ROM midpoint that is internally shifted are predicted to
have a higher torsion value than individuals with more externally shifted total ROM
midpoints. Using the measured external and internal rotational ROM maxima,
expected torsion values are generated using the formula below (see also Figure 2.2).
Note: The addition/subtraction of 180 degrees in all formulas allows our results to

be reported using a common convention for human torsion values, eg. (7, 44).

Equation 2.1.

X max Ext ROM — X max Int ROM
180 - ai =

2

Torsion (predicted) =

14
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Figure 2.2. Torsion is predicted from mean ROM maxima data. The difference
between external and internal rotation (in the example - 25 degrees) is equal to the
ROM midpoint. The use of the 180-degree term allows the torsion value to be
reported according to prior convention. Note: Following clinical definition, external
rotational ROM is illustrated in blue and internal rotational ROM is illustrated in red.

To test our assumptions, these expected values are regressed against actual torsion

values. If our model is accurate, the predicted torsion values will closely match the
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actual values. Thus, for the predicted torsion (y)/actual torsion (x) regression we

predict a regression equation of y=x.

Although predicting torsion values from ROM data is useful, when the actual
regressions differ from our predictions it becomes important to accurately address
the discrepancy. By running our model in the reverse direction and predicting
external and internal rotational ROM from actual torsion values we can better
identify the source of the discrepancy. These reverse predictions again rely on the
assumption that the midpoint of the total rotational ROM reflects the underlying
torsion. Given this assumption, a predicted ROM midpoint can be generated from
actual torsion values. By adding/subtracting half of the mean total ROM from this
midpoint, external and internal ROM maxima can be generated. The formula used to

generate predicted external ROM values is:

Equation 2.2.

External ROM (predicted)= - Actual torsion +|180+ fotal ROM

The regression equation derived from this formula is y = -x + (180+ %2 total ROM);
with (y) as predicted external ROM and (x) as actual torsion. For our calculations,
we use the mean total ROM value across all subjects (reported below). According to
our model, as torsion increases there should be a commensurate decrease in
external ROM maxima (hence the slope of -1.0). This prediction is tested against the

actual external rotational ROM maxima/torsion regression. The formula used to
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generate predicted internal ROM values is:

Equation 2.3.

Internal ROM (predicted)= Actual torsion—|180 - total ROM

The regression equation derived from this formula isy = x - (180 - %2 total ROM);
with (y) as predicted internal ROM and (x) as actual torsion. Accordingly, as torsion
increases, so too should the internal ROM maxima (hence the slope of 1.0). This
prediction is tested against the actual internal rotational ROM maxima/torsion

regression.

2.4 Materials and Methods

Subjects - Twenty-five adult male subjects (ages 18-35) were recruited to
participate in the study. Thirteen of the subjects were collegiate athletes (6 baseball
players from a variety of positions, 7 athletes from non-throwing sports) and the
remaining 12 subjects were non-athletes. The proportions of the study sample were
chosen to maximize the variance in torsion values surveyed and to reduce the
effects of pathological ROM often found in throwing athletes (26, 29, 38).
Institutional review board approval was obtained from both Massachusetts General
Hospital and Harvard University. Subjects provided written consent and completed
an injury history and physical activity questionnaire prior to participation in the

study.
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Computed Tomography (CT) Imaging - All subjects were CT scanned at the
Massachusetts General Hospital Imaging Center using a GE 8-slice Lightspeed
Computed Tomography Imager. A low dose scanning technique was used to
minimize radiation exposure to the subjects. Subjects were positioned on the
scanner examination table with their dominant arm fully adducted at their side and
their elbow flexed 90 degrees with their forearm resting on their abdomen. The arm
was then immobilized by wedging a stiff pillow between the arm and the
examination table. Two separate scans were targeted and collected at the shoulder
and the elbow. Each scan covered approximately 5 cm of the arm, capturing each
end of the humerus with 5mm think image slices. The images were processed using
Image | software and the humeral torsion angle calculated (following (45)) by
subtracting the angle of the transepicondylar line from the axis of the humeral head
(Figure 2.3). The humeral torsion angle was calculated using the mean of the three
best superior and inferior scans. The measurement reliability was calculated (see
supplemental data) and the mean torsion angle was used in the analysis as the

actual, CT derived torsion value.

Range of Motion (ROM) measures - Active ROM was measured using both
standard goniometry and three-dimensional kinematic imaging. Active ROM, where
subjects rotate their arm to the limits of their ROM using their own muscular power,
was used instead of passive ROM because it most closely approximates the
functional ROM available for actions such as throwing and also reduces the effects of

any anisotropy in the capsular ligaments. The two different methods for collecting
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ROM data were used to maximize the utility of our method for a variety of research

and clinical contexts.

Figure 2.3. Humeral torsion was measured in Image | by creating transects between
the inflection points marking the anatomical neck proximally (A) and along the
distal transepicondylar line (B).

For goniometric ROM measurements, subjects were positioned on an
examination table with their dominant arm off the side of the table (Figure 2.4). The
arm was positioned in line with both shoulders in a neutral shoulder
flexion/extension posture. The shoulder was abducted 90 degrees and the elbow
flexed 90 degrees. The subject was instructed to keep their shoulder pressed to the
examination table to prevent scapular movement. The subject then rotated his arm
to both its maximal external and internal rotation position and held this position for
5 seconds for goniometric measurement taken along the length of the forearm. The

measurements were taken using a Jamar 12 %2” goniometer, which was modified to
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include a weighted plumb line to serve as a vertical arm. The rotational motion and
measurements were repeated twice. Measurement repeatability was calculated
using the interclass correlation (see supplemental material). The mean of both
external and internal ROM maxima measures were taken and the predicted,

goniometry derived torsion value was calculated using equation 1.

Goniometry ROM Kinematics ROM
measurement measurement

Figure 2.4. For the ROM calculations, each subject was measured using a standard
goniometer (A) and a kinematic imaging system (B). For the goniometric
measurement, the subject was in a supine position on an examining table. For the
kinematic measurement, the subject was seating in an armless chair. External
rotational ROM is illustrated in blue and internal rotational ROM is illustrated in red.
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For the kinematic ROM measurements, data was collected using an eight-
camera Qualisys Motion Capture 3D Infrared Oqus camera system collecting at
500Hz. All subjects were fitted with nine 25cm passive reflective markers. The
markers were placed on C7 prominens, both hips (at the greater trochanter of the
femora), both scapular acromion, the lateral and medial epicondyles of the
dominant side distal humerus and both ulnar and radial styloid processes in the
dominant side wrist. The subject was then seated in an armless, high backed office
chair in an upright posture with the back firmly against the chair back. The subject
was again instructed to position his arm out to the side of his body, in line with both
shoulders. The shoulder was abducted 90 degrees and the elbow flexed 90 degrees.
The subject was then instructed to again rotate their arm to both its maximal
external and internal rotation position with as little scapular motion as possible (to
limit scapular protraction or retraction). The motion was repeated between 4-6
times during 30 seconds of data capture. Raw 3D marker positional data was
processed using Qualisys Task Manager software and exported for analysis to
MATLAB 7.6. Custom written MATLAB code was used to calculate external and
internal ROM maxima while correcting for minor deviations in elbow and shoulder
position. Measurement reliability was calculated and the means of both external and
internal rotational maxima were used to generate predicted, kinematics derived

torsion values using equation 1.

Statistical analysis - Pearson correlation coefficients were calculated and the

presence of outliers tested (using Mahalanobis distances at a 95% confidence
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interval) with JMP version 5 software. Intraclass correlations were calculated to

assess measurement reliability using SPSS version 19 software.

2.5 Results

Total rotational ROM was calculated first as an initial test of the validity of
our model. Total ROM values, calculated as the external ROM maxima plus the
internal ROM maxima, ranged from 108.5 - 205.5 degrees (Goniometric: mean -
153.4, st. dev. - 18.2; Kinematic: mean - 142.3, st. dev. - 21.5). As hypothesized, no
statistically significant correlation was found between actual torsion and the total
rotational ROM (Goniometric: r = 0.229, p = 0.293; Kinematic: r = 0.328, p = 0.127).
This lack of a significant relationship between torsion and total rotational ROM is
consistent with previous studies (15, 17, 18) and provides support for our model’s

initial assumption.

The measured values of both internal and external rotation ROM were then
regressed against actual, CT derived torsion values. These regressions were
compared to the predicted regression relationship derived from the model to assess

any potential skew in our model.

Measured external ROM values ranged from 70.5-120.5 degrees
(Goniometric: mean -100.7, st. dev. - 10.9; Kinematic: mean - 105.4, st. dev. - 7.9). In
keeping with previous work (15, 17, 18) and our model’s predictions, external
rotational ROM is significantly negatively correlated with actual torsion using both
goniometric (r = -0.409) and kinematic (r = -0.442) measures. However, the slope of

the measured external ROM/torsion regression is significantly lower than our
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predicted slope of -1.0 (Figure 2.5A & 2.5D). This deviation from the predicted
equation appears to be driven primarily by lower than predicted external ROM

values in low torsion individuals.

Measured internal ROM values ranged from 1-99.5 degrees (Goniometric:
mean -51.5, st. dev. - 15.5; Kinematic: mean - 34.8, st. dev. - 22.4). As hypothesized,
internal rotational ROM is significantly positively correlated with actual torsion
using both goniometric (r = 0.741) and kinematic (r = 0.559) measures. The internal
ROM /actual torsion regression equations are not significantly different than the

predicted equation and the predicted slope of 1.0 (Figure 2.5B & 2.5E).

Finally, predicted torsion values were calculated from both ROM data sets
and regressed against actual torsion. The actual (CT derived) torsion values ranged
from 111.6 - 184.1 degrees (mean - 141.1, st. dev. - 18.3). Both predicted torsion
measures are significantly correlated with actual torsion (Figure 2.5C & 2.5F).
Goniometric predictions are more highly correlated (r = 0.815) with actual values
than are the kinematic predictions (r =.617). Beyond the strength of the
correlations, it is worth noting that neither predicted versus actual torsion
regressions has the slope of 1.0 expected in our model. Both predicted/actual
torsion regressions show significantly higher predicted values in individuals with
low actual torsion. This is in keeping with the deviation from expected values found
in the external ROM maxima in low torsion individuals. While the strength of the

correlations varies between the ROM collection methods, the regression equations

23



'$303[qns g 10j uonenaed syuaaald uoisnio Jaxew se £ = N ‘J % 9 ‘q sydeas 1o, "I91[In0 Jued1usdIs e Jo UOISN[IXd
93 pue 103(qns T woJj ejep Jo yoe[ awes ayy 03 anp £z = N ‘g ydeas 1o, -109[qns T 10j SuIisSIw Sem elep A13oworuosd
Se $Z = N ‘D % v sydead 1o -s[qertea si ydeis yoes ur pajyuasatdal (N) s10a(gns jo Joaquinu ay[, :930N "Iajawe.ted
yoea .10j suonenba uoissa.adal pajoadxa ay3 sajea3sny[l aUl] paysep pal ay], ‘siarowered juedyiudis A[[ednsness [e
AR

J10J umoys a.te (d) sanjea aouedyrugdis pue (1) SJUSIDJ90d UOIIB[a.LI0D S

uoIsio] [enjoy

06T oLT 0ST 0T 01T
o1t
G0S°2L +%99.%'0 = A ozt
’ 0T

ot
0ST
) 09T
0LT
zo00=d 081
(190 =1 06T

=

uoIsio] [enjoy

06T 0LT 0ST 0€T (1)1
4 OTT
p95'9L + XG1EG5°0 = A R 4!
o0 thooer
! ovt
0ST
091
. 0LT
1000>d | 08T
SI80=14 06T

0

UOIS 0] onewauly

U0ISI0] OUIBWOIUOL)

uoISI0] [enioy

06T 0LT 0sT OET

€ELP9 -x82990=K .

uoISIO] [Ny

061 0LT 0stT OET

¥%5°29 - X608.°0 = A

1000>d
o L 0=4

«

0T-

ot

0€

0s

0L

06

0T
0t
0€
o
0s
0S
0L
08
06
00T

NOHY [euldlu| onewauly

WOHY |Bulaju| 01}3WOoIU0L)

o6t

uos.aead ‘sdiysuone[a uoissa.gday *

uoIsIo] [enjoy

0LT 0sT OET

98°0S1 + X506¢'0- =

S

o1t

06T

uoIsio] [enjoy

(VA 0st OET

. EEPPL +Xx1282°0-=A

o1t

0L
08
06
00T
o1t
ozt
O€T
ovt

WOHY |eutaix3 onewaury

IOHY [BUI8IXT 0L1WO0IUOY)

24



for both predicted/actual torsion regressions are statistically indistinguishable from

each other.

2.6 Discussion

As predicted, the above results show that the ROM available for internal
rotation increases with humeral torsion. Further, this increase is accompanied by a
decrease in the ROM available for external rotation. This finding supports the
inverse tradeoff between internal and external rotation and humeral torsion found
by Chant et al. (2007). The strength of the correlations reported here between ROM
and torsion are equivalent to previous published values for external rotation ROM
and significantly higher than previously published values for internal rotation ROM
(15, 17, 18). This improved correlation coefficient for the relationship between
internal rotational ROM and torsion may partly result from increasing the variance

in the sample by including non-throwers in the study population.

As in previous studies, no significant relationship was found between total
rotational ROM and humeral torsion (15, 17, 18). This result supports the validity of
our model’s assumptions. It should be noted that there is a non-significant trend in
this relationship towards a slight increase in total rotational ROM with increased
torsion from both ROM data sets. A power test indicates that significantly larger
samples would be required to test the statistical validity of this trend (needed
sample, Goniometric: 197; Kinematic: 92). If this trend were supported, it would

seem to defy clinical expectations that low torsion throwing athletes might be
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expected to extend their total rotational ROM with increased laxity of the anterior
shoulder capsule. However, in the light of its current non-significance this trend
should be interpreted with caution until a larger, balanced sample of throwers and

non-throwers is available.

The strength of the correlation coefficients reported here suggests that the
hard tissue contributions to rotational ROM are significant, but that soft tissue
contributions may also be substantial. However, caution should be exercised before
attributing the remaining variance to soft tissue effects as some of this variance is
likely explained by the co-occurrence of other small shoulder motions that
accompany humeral rotation (46). These small scapular motions can reduce the
accuracy of humeral rotation measures and may account for some of the differences
in capsular laxity reported in previous studies (27, 29, 38). Furthermore, given the
near spherical shape of the articular surface of the humeral head and the rotational
nature of the motion investigated here, it seems likely that in a neutral shoulder
flexion/extension posture that the anterior and posterior ligaments of the
glenohumeral capsule would be stretched roughly equally. Only when these
humeral rotations are accompanied by deviations from this neutral
flexion/extension posture, such as during the maximal shoulder extension seen in
the windup of a pitch, would we expect the asymmetrical stretching of the capsular

ligaments and the resulting laxity.

The strength of the predicted torsion values reported here strongly validate

our method of estimating torsion using simple kinematic measures and without the
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use of costly radioactive imaging. While the goniometric predictions were
significantly stronger in this analysis than the kinematic method, this difference in
strength may very well be due to small scapular protraction/retraction that
occurred during the kinematic imaging trials. While scapular movement was limited
by contact with the table during goniometric data collection, this was not possible
during the kinematic trials. Although our marker setup allowed us to identify
protraction and retraction of the scapula, without additional markers collecting
scapular movement data it was not possible to correct for the minor scapular
rotations that accompanied these movements. Another potential factor affecting the
strength of our regressions could result from not providing external support for the
weight of the arm. Minor deviations in humeral position could introduce noise into
our data. However, due to the short duration of data collection fatigue effects are
unlikely and humeral movements are thought to be quite minimal and evenly
applied to both data sets. While these small movements apparently reduced the
strength of the regressions (more noticeably in the kinematic data), they do not
significantly alter the slope of the regression equations. The consistency of the slope

between both ROM data sets provides further confidence in the predictive model.

A key result is that the predicted torsion values deviate from the predicted
regression equation (y = x), especially in the low torsion individuals. These low
torsion individuals showed more internal rotation than expected and lower external
rotation. In the kinematic ROM measures the high torsion individuals also deviate
from the predicted regression with higher than expected external ROM and lower

internal ROM. What factors are responsible for these residuals is unclear. Covarying
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changes in the carrying angle of the elbow (45) could be responsible for these
differences, as might some non-ligamentous soft tissue constraint such as

differences in muscle mass. Further research is needed to resolve this problem.

Based on our empirical data (reported in Figure 5C & 5F), we propose that a
better linear regression for predicting torsion would be (y =.5x + %2 total ROM).
This regression equation represents a simplification of the empirically derived
slopes (0.4766x, 0.5315x) to a slope of 0.5x and the empirical intercepts (72.505,
76.564) to an intercept equal to half of the total ROM (for our data - 71.2, 76.7
respectively). Using this modified regression equation to predicting torsion from

ROM maxima, we derive:

Equation 2.5.

180— Xmax Ext ROM ;Xmax Int ROM )_ (tOtalfOM)

Torsion (predicted) =

0.5

This predictive equation is useful in kinematic studies and when imaging of subjects
is not possible. It could also be a useful clinical tool for quickly identifying throwing
athletes with high torsion values who might be at increased risk of shoulder and

elbow injury.

This non-invasive assessment of torsion may be particularly important for
juvenile athletes. Little league players (especially pitchers) have been shown to have
high rates of injury both to the shoulder and elbow (47-55). It has been suggested

that these injuries are the result of overuse of the shoulder and arm during the
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throwing motion (38, 39, 56, 57). It is also possible that the risk of injury in juveniles
is further increased due to the incomplete torsion of their throwing arm. Such
incomplete torsion could lead to compensations in the throwing motion, which in
turn could put additional stresses on downstream joint such as the elbow leading to

injury.

It is also noteworthy that there are some significant differences between the
correlation values reported in this study and other studies (15, 17, 18). These may
in fact represent important differences in functional constraints between differing
study populations. Our study found correlation coefficients for external rotation
ROM and torsion that were equal to or slightly lower than previous studies.
Conversely, for the relationship between internal rotation ROM and torsion we
found significantly higher correlation values. This may be due to the fact that our
study surveyed a wide variety of torsion values and included many non-throwers
while previous work has largely focused on throwing athletes. It is possible that
these groups have different functional requirements when it comes to humeral
rotation. Non-throwers may require more internal rotational movement for
manipulative tasks and power generation for actions such as pounding and prying.
Conversely, throwing athletes, for whom high projectile velocity is imperative, may
benefit greatly from increased external rotational ROM. An increase in external
rotational ROM could allow throwers to achieve a much greater range of rotational
motion prior to the release of the projectile and still maintain accuracy. Given that
humeral rotation is known to occur very quickly and is a significant contributor to

projectile velocity at release, a change in rotational ROM could have significant
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performance effects during throwing. These potential differences in functional
constraint may explain some important differences in the literature and are a

relevant avenue of future study.

In short, humeral torsion significantly affects rotational ROM at the shoulder.
Low torsion (high retroversion) is strongly associated with reduced internal
rotational ROM and a greater range of external rotational ROM. We present a simple
metric for assessing humeral torsion using non-invasive, easily obtained ROM data
which can be helpful clinically in diagnosing individuals with high risk of shoulder
and elbow injuries and useful for kinematic studies of shoulder motion. This method
also allows for the assessment of rotational ROM at the shoulder from the skeleton
itself. Assessing ROM using skeletal material allows for estimates of ROM at the
shoulder in fossil hominins, which show considerable variability in this feature. For
example, two recently published H. erectus skeletons have been shown to have low
degrees of humeral torsion (58, 59). These values are similar to or lower than those
found in the dominant arm in elite throwing athletes, suggesting a comparable or
even more externally shifted ROM in these hominin shoulders. If it is the case, as we
propose, that greater external rotational ROM at the shoulder increases throwing
velocity, then it is possible that the uniquely human capacity for high performance
throwing may have evolved by 2 million years ago. Testing this hypothesis,
however, requires additional data on how rotational ROM at the shoulder relates to
throwing velocity, as well as how other anatomical changes in the upper body that

occur in H. erectus affect the ability to throw with power and accuracy.
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Chapter 3 - Elastic Energy Storage in the Shoulder and the Evolution of

High-Speed Throwing in Homo

3.1  Chapter Summary

Humans are uniquely able to throw overhand with considerable accuracy and high
velocity, with much of the power coming from the shoulder. How and when humans
evolved the ability to generate high-speed throws is poorly understood. Here, we show that
much of the power necessary to throw objects with high velocity comes from elastic energy
stored at the shoulder in combination with decreased humeral torsion. Low torsion and
other anatomical features that would have improved throwing performance are all present
two million years ago in Homo erectus, suggesting that throwing ability was selected for

early hunting.
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3.2  Introduction

Humans are the only species that throws objects with high speed and accuracy.
Some primates, including chimpanzees, our closest extant relatives, occasionally throw
objects with moderate accuracy but little velocity (1). Darwin speculated that the evolution
of bipedalism made high-speed throwing possible by freeing the arms (2). Since Darwin, it
is widely believed that hunting, first evident in the archaeological record by at least 1.8
million years ago, was the most likely selective context for the evolution of throwing (3, 4).
However, when, how, and why hominins evolved high-powered throwing capabilities
remain subjects of much conjecture (5-7).

Throws are powered by rapid, sequential activation of many muscles, starting in the
legs and progressing through the body (8-10). At each joint, torques are generated that
accelerate segmental masses, creating rapid angular movements, which accumulate kinetic
energy in the projectile until its release. One especially important movement is internal
(medial) rotation around the long axis of the humerus, which occurs in a few milliseconds
and can exceed 9,000°/sec (10). This rotation is the fastest motion the human body
produces and the largest contributor to projectile velocity (11). Previous research has
focused on the shoulder muscles’ role in generating internal humeral rotation (8, 12).
Although internal rotator muscles are very important in generating this rapid rotation,
these muscles alone may not explain how humans generate so much internal rotational
power. Peak internal rotation moments have been shown to occur well before the humerus
starts to rotate internally (9). In addition, electromyography data show that the internal
rotators are variably active during the critical acceleration phase (13, 14). Further, three of

the human internal rotator muscles appear ill-suited to producing the high torques
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required for rapid rotation because their fibers are oriented so that the majority of the
torque produced is for actions other than humeral rotation (Pectoralis major, Latissimus
dorsi, Deltoid).
3.3  Model

We propose that humans generate much of the power needed for rapid humeral
rotation using several evolutionarily novel features in the shoulder that help store and
release elastic energy. We postulate that energy storage occurs during the arm-cocking
phase (Figure 3.1A), which begins with completion of a large step towards the target. As
the foot hits the ground, the arm is already externally rotated, horizontally extended, and
abducted nearly 90° at the shoulder, with forearm flexion approaching 90° at the elbow
(10). As the cocking phase begins, the torso rotates rapidly towards the target and the
major shoulder horizontal flexor, Pectoralis major, is activated (8, 10). Together, these
motions generate large torques around the vertebral axis. When the arm’s mass is
positioned away from the shoulder and elbow prior to the initiation of these torques, the
arm’s moment of inertia is increased around the long axis of the humerus and lags behind
the accelerating torso (Figure 3.1B). Further, flexing the elbow during the cocking phase
allows passive inertial forces to externally rotate the arm, stretching all of the short,
parallel tendons, ligaments, and elastic components of muscles that cross the shoulder
(27), potentially storing elastic energy in the large aggregate cross-sectional area of these
structures. Then, when the biceps deactivate and elbow extension begins, the arm’s
moment of inertia is reduced, allowing stretched elements to recoil, releasing energy, and

powering the extremely rapid internal rotation of the humerus.
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Compared to apes (27), humans have three derived morphological features that can
help store and release elastic energy during throwing. First, humans’ tall, mobile waists
decouple the hips and thorax, permitting more torso rotation than is found in chimpanzees
(15), in turn contributing to the torque needed to load the shoulder’s elastic elements.
Second, humeral torsion, the angle between humeral head orientation and the axis of the
elbow, is 10-20° lower in human throwers’ dominant arms compared to chimpanzee
humeri (5). Decreased torsion extends the rotational range-of-motion (ROM) at the
shoulder externally (16), potentially enabling more elastic energy storage during the
cocking phase. Finally, humans have a more laterally oriented glenohumeral joint, which
aligns the P. major flexion moment around the same axis as the torso rotation moment. This
orientation allows humans to increase the arm’s moment of inertia by abducting the
humerus in line with the torso rotation and shoulder flexion torques, maximizing
resistance to both (Figure 3.1B/C). In contrast, chimpanzees’ more cranially oriented
glenohumeral joint and limited ability to produce torso rotation torque requires them to
maximize inertial loading by abducting their humeri more than humans’ to bring their arm
in line with the P. major flexion moment. This increased abduction, however, forces
chimpanzees to position their elbow in a more extended posture to maximize the arm’s
moment of inertia resulting in a costly reduction in elbow extension during the throw.

3.4  Materials and Methods

Subjects - Data were collected from 24 male subjects (ages 19-23). Nineteen of the
subjects were collegiate athletes (16 baseball players, 3 non-throwing athletes). Prior to
enrollment in the study, all participants were required to pass a throwing performance task

(27) in order to eliminate poor throwers. For all subjects, we collected weight,
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Figure 3.1. Arm-cocking and acceleration phases of the overhand throw (A). Humans (left)
and chimpanzees (right) differ in arm abduction and elbow flexion during throwing (B)
because of differences in shoulder orientation, which alters the major line of action of the
Pectoralis major (C). Aligning the long axis of the humerus with the major axis of P. major
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and flexing the elbow maximizes inertia to shoulder flexion torque and loads the elastic
ligaments in the shoulder. However, chimpanzee morphology is compromised between
maximizing humeral rotation or elbow extension. Signatures of shoulder orientation found
in the scapula (D) can be used to reconstruct hominin shoulder orientation.
information on relevant injury/medical history, and basic anthropometric data (height,
segment lengths and circumferences, joint range of motion). Humeral torsion was
estimated using range of motion measures (16). All subjects provided informed written
consent in accordance with the Harvard Committee on the Use of Human Subjects.
Kinematics - Kinematic data were collected at 1000 Hz using an eight-camera Vicon
T10s 3D infrared motion capture system (Vicon Inc, Centennial CO, USA). Each subject had
twenty-one passive reflective markers taped on the throwing arm and torso (27). Subjects
were given approximately 5 minutes to stretch and warm up before recording. After the
warm up period, subjects were tasked to throw a 144g baseball at a 1m-radius target from
10m away. The subject then threw 8-10 normal pitches and 8-20 pitches using a Donjoy
Shoulder Stabilizer (Donjoy Inc, Vista, CA) brace that restricts external rotational range of
motion at the shoulder. As a sham, data from an intermediate condition in which the brace
was applied but not tightened were also collected (27). Ball speed was measured using a
Sports Radar Model 3600 radar gun. Ball release was timed using a synched FlexiForce
A201 force sensor (Tekscan Inc, Boston MA, USA) collected at 1000 Hz taped to the palmar
side of the distal phalanx of the third digit and synched with a 30 Hz Canon Vixia HV30
digital video camera (Canon Inc, Tokyo, Japan). In order to filter the kinematic data, a
residual analysis (17) of the entire throwing trial and the critical period during the humeral
internal rotation motion was calculated in MATLAB (version R2010b) (27). A Butterworth

2nd order low-pass filter (cutoff 25Hz) was applied and marker gaps up to 100 frames were
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interpolated using C-Motion Visual3D software (v4). For analysis, each motion was then
subdivided into five standard phases of the throw: windup/stride, arm cocking, arm
acceleration, arm deceleration, and follow-through (18).

Kinetics - Joint Euler angles were calculated and inverse dynamics analyses were
performed using mass distribution data from Dempster (19) in Visual3D. Joint angular
velocities, moments, and power were calculated using each joint’s instantaneous axis of
rotation. The sequence of rotations at each joint is described in the Supplemental text. Joint
work was calculated in MATLAB using the trapz function.

Muscular power modeling - The work of humeral rotation during the acceleration
phase of the throw was calculated as the area under the humeral rotation power curve.
This measurement of work was divided by the duration of the acceleration phase to
calculate average power of humeral rotation. This power value (W) was then standardized
to W kg1 by dividing by the summed maximum masses of all muscles which potentially
contribute to internal rotation at the shoulder: Pectoralis major, Latissimus dorsi, anterior
Deltoid, Subscapularis, and Teres major (27). These masses were calculated by multiplying
the largest recorded volumes for each muscle (20) by the known density (1.06 g/cm3) of
mammalian muscle (21). The resulting average actual power of humeral rotation during
the acceleration phase (W kg1) was then compared to published maximum power values
for skeletal muscle (22-24).

Statistics - Kinetic data were standardized to phase length, interpolated, and
resampled using custom MATLAB code to yield comparable data across all trials and
subjects (27). Individual subject means were compared across experimental conditions

using repeated measures ANOVA or MANOVA where appropriate. All statistical analyses
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were conducted using JMP software (v.5). Differences were considered to be significant at
alpha < 0.05.
3.5 Results

To test this model, we used high-speed, 3D kinematic and kinetic data from 20
experienced human throwers to quantify power production at the shoulder during
overhand baseball throwing (25). During the arm-cocking phase, the throwers’ humeri
externally rotate 57+15° past the active ROM limit achieved using their own muscular
power, indicating passive stretching of the ligaments, tendons, and muscles crossing the
shoulder. Inverse dynamics analysis shows that during this period, the shoulder produces
an opposing internal rotation torque, causing a sustained period of power absorption
(Figure 3.2). By integrating the area under the power curve during arm-cocking, we
calculate that the negative work of shoulder rotation averages -201+70], with an average
power of -631+337W. In contrast, the total rotational work of the subsequent internal
rotation motion is 346+120], with power during acceleration averaging 3,847+1,697W. If
90% of the negative work during arm-cocking is stored and returned elastically (26), this
energy can account for 54+15% of the internal humeral rotation work done during a
typical throw.

Without using invasive techniques such as sonomicrometry, we cannot precisely
partition how much of this power is generated by muscles versus how much is returned
from elastic structures. However, to infer how much shoulder rotational power is provided
by elastic energy during throwing, we compared estimates of the maximum power
production capacity of all shoulder internal rotator muscles with actual calculated power

(27). Dividing average shoulder rotation power during acceleration by an estimate of total
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Figure 3.2. Mean shoulder rotational power (with 95% confidence intervals) shows a
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acceleration, between MER and release (REL) - gray. Recovered work powers both internal
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internal rotator muscle volume, shows that average rotational power per kilogram at the

shoulder is between three and seven times greater than muscle’s maximum isotonic power
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production capacity (22). Even when the modeled muscle power values are increased to
account for force enhancement during active muscle stretching (28), the average rotational
power we measured still exceeds those increased muscle power estimates by two to four
fold. Therefore, shoulder muscles alone are incapable of powering the rapid internal
rotation motion observed during overhand throwing. Instead, throwing power is amplified
through elastic recoil in a manner similar to the way extremely rapid and forceful
movements are generated in other animals (29, 30).

Elastic energy storage at the shoulder also affects the generation of joint velocity
and power at the elbow. During acceleration, the elbow extends at very high angular
velocities (2,434+552°/sec) despite large amounts of negative power and work (-246+63]),
indicating that the triceps are not powering this rapid extension (Figure 3.2). As previous
studies have shown, elbow extension is powered primarily by more proximal segments
(11), especially the shoulder.

A third line of evidence for the importance of elastic energy storage comes from
experimentally limiting shoulder rotational ROM with therapeutic braces (15), which
restricted external rotation by 24+9°. During brace trials, shoulder rotation beyond the
active ROM decreased by 50+36% and shoulder work during arm-cocking decreased by
45x17% (rmANOVA p < 0.001) (Figure 3.3). Shoulder rotation work during the
subsequent acceleration phase was not significantly different between conditions, but
average shoulder rotation power during acceleration decreased significantly (-16+35%,
rmANOVA p = 0.036). Wearing a shoulder brace also decreased elbow negative work
during acceleration by 20+21% (rmANOVA p < 0.001). Overall, these work and power

reductions from less elastic energy exchange significantly reduced humeral rotation
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Figure 3.3. Brace restricted mean power (with 95% confidence intervals) for shoulder
rotation and elbow flexion/extension are plotted in red alongside normal values in dashed

blue. Significant reductions (p < 0.05) in shoulder rotation work occur during arm-cocking
and in elbow flexion/extension work during acceleration.

angular acceleration (-24+29%, rmANOVA p < 0.001) and elbow extension angular velocity

(-21+10%, rmANOVA p < 0.001), reducing ball speed by 10+8% (MANOVA, p < 0.001).
Natural variation in humeral torsion shows similar performance effects. By

maintaining relatively lower, juvenile levels of torsion into adulthood, throwing athletes

increase power generation by shifting the humerus’ rotational ROM externally (16). This

47



shift allows further external rotation during arm-cocking and increases internal rotation
during acceleration (Figure 3.4A), permitting more elastic energy storage and release. It is
unknown whether the plasticity of humeral torsion is greater in humans than in other taxa,
but plasticity in humans may be beneficial, enabling low torsion to persist in the throwing
arm, while higher torsion (useful for manipulative tasks) develops in the non-throwing arm
(5,31).
3.6  Discussion

When high-speed throwing first evolved is difficult to test because the first
projectiles were probably rocks and untipped wooden spears. However, the derived
morphological features that help human throwers store elastic energy can be assessed in
the fossil record. These features evolved in a mosaic-like fashion, some predating the
evolution of Homo. Tall, decoupled waists first appear in Australopithecus as adaptations
for locomotion (15). Low humeral torsion also appears in Australopithecus, likely resulting
from the release of the forelimbs from weight-bearing during quadrupedal locomotion, and
is present in early Homo (5) (Figure 3.4D). Although variation in glenoid orientation exists
within Australopithecus (32), a fully lateral glenoid position is definitively present in Homo
erectus. Such laterally oriented shoulders probably decreased the mechanical advantage of
the scapular rotator muscles during climbing, probably had little or negative effects on
stone tool production, and are best explained as an adaptation for throwing. Low, wide
shoulders, long legs, and hyperextendable wrists are also present in H. erectus (15, 33).
While some of these features were selected for functions other than throwing, their

combined configuration, first present in H. erectus, would have benefited throwing
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performance by enabling elastic energy storage in the shoulder, providing a strong

selective advantage during hunting.

An evolutionary perspective on throwing has implications for the high prevalence of
injuries in throwing athletes. While most throwing today occurs in the context of sports,
humans most likely evolved to throw spears using the same mechanics (17). However,
Paleolithic hunters almost certainly threw less frequently than modern athletes. The
repeated stretching of ligaments and tendons in the shoulder and resulting downstream
torques at the elbow can lead to laxity and tearing (9). While humans’ unique ability to
power high-speed throws using elastic energy may have been critical in enabling early
hunting, repeatedly overusing this ability can result in serious injuries in modern throwing

athletes.
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Chapter 4 - The Biomechanics of Power Generation during

Rapid, Overhand Throwing in Humans

4.1 Chapter Summary

High-speed throwing is a distinctive human behavior, but the biomechanical
bases of how humans produce high-speed throws are not completely understood.
Using inverse dynamics analyses of high-speed kinematic data from 20 baseball
players fitted with 4 different braces, each of which inhibits specific motions, we test
a model for how power is generated at key joints during the throwing motion. We
show that achieving high projectile speeds during throwing requires a combination
of elastic energy storage at the shoulder that generates rapid internal rotation of the
humerus, as well as the transfer of kinetic energy from proximal body segments to
distal segments. Most of the work produced during throwing is generated at the hips,
and much of this work (combined with work from the Pectoralis major) is used to
load elastic elements in the shoulder and power the rapid acceleration of the
projectile. Our data indicate that, despite very high angular velocities generated at
the elbow and wrist, a large percentage of the work to power these motions is
generated passively. Furthermore, heavy reliance on elastic energy storage can help
explain why throwing athletes frequently suffer from shoulder labrum tears,

shoulder instability, and damage to the ulnar collateral ligament.
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4.2 Introduction

The human forelimb is quite derived relative to other hominoids and our
hominin ancestors (1, 2). Understanding how and why the human shoulder is so
different requires consideration of humans’ unique ability to throw objects
overhand with both remarkable accuracy and high velocity. Today most high-speed
throwing occurs during sports activities, but in the past throwing was crucial for
hunting, defense against predators, and aggressive interactions such as warfare.
Regardless of their purpose, high-speed overhand throws are produced using a
stereotypic, whip-like motion involving the whole body. The throw begins with
movement of the legs and progresses quickly up the trunk and arm, ending with
rapid movement of the throwing hand as the projectile is released (3-6). There has
been considerable inquiry into how this complex motion generates high linear
velocities of projectiles, and which joints and joint-specific angular motions are
primarily responsible (5, 7-9). Previous work shows that large angular velocities of
torso rotation, shoulder internal rotation, elbow extension, and wrist flexion all
occur at the moment of release (4, 6, 8, 10) and significantly contribute to projectile
speed (8). This study focuses on how these large angular velocities in the upper

body are produced.

Angular movements and the angular velocities of those movements are
produced when torques act across joints, generating mechanical work and power.
Muscles are the source of most torques and thus key contributors to joint power

production and angular velocity. As expected, electromyography (EMG) patterns of
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muscle activity during the throwing motion show sequential activation of muscles
mirroring the progression of the throwing motion (11). However, a report of an
individual with a paralyzed Triceps brachii who can still achieve rapid elbow
extension during throwing (12) calls into question whether this muscle alone
powers this elbow extension. In addition, EMG data on shoulder internal rotator
muscles show variable activity during the rapid acceleration of the internal rotation
motion (13, 14). Given there is no simple relationship between EMG intensity,
muscle force production, and whether a muscle is contracting concentrically or
eccentrically (15, 16), it is reasonable to question whether muscle torques alone are

solely responsible for the large angular velocities produced in the upper body.

Previous researchers has suggested that additional sources of torque to
power these large angular velocities during throwing come from movements
generated at other joints in adjacent, connected body segments, which can be
transferred from joint to joint via a “kinetic chain” (6, 7, 17-19). These interaction
torques can result directly from muscular actions at other joints or from velocity-
dependent forces such as centrifugal and Coriolis forces (7). Mathematical
decomposition of throwing kinematics using the equations of motion have shown
that the high angular velocities observed in the elbow and wrist joints at release are
largely due to these interaction torques (5, 8, 9, 20, 21). An induced acceleration
study by Hirashima and colleagues (7) further deconstructed these interaction
torques showing that elbow extension during throwing was largely driven by
velocity-dependent forces generated by torso rotation and shoulder internal

rotation. The same study also found that wrist flexion during throwing is driven
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primarily by velocity-dependent forces generated by elbow extension. These data
provide strong support for the hypothesis that power generated at more proximal
joints (such as the hips, torso, and shoulder) can be transferred to the throwing arm
producing very, rapid “whip-like” accelerations of the arm and hand (9, 17, 20, 22).
However, like all kinetic analyses, these studies have only estimated the
contributions of joint rotational motions (ie. shoulder rotation) and cannot
determine the extent to which muscles are responsible for those motions or how

much of a role elastic energy storage plays in generating those motions.

Several studies have suggested that the storage and release of elastic energy
plays a role in power enhancement during the throwing motion. Wilk et al. (23)
argued that throwing athletes enhance the torque production of numerous throwing
muscles by “pre-stretching” those muscles just prior to their activation, resulting in
elastic energy storage in the muscle itself. Similarly, the analyses described in
chapter 3 found that the posture of the arm as it is “cocked” (externally rotated) just
prior to the rapid shoulder internal rotation motion passively stretches the elastic
elements (including ligaments, tendons, and muscles) that cross the shoulder. By
comparing actual power production during throwing to modeled maximum power
values for all muscles potentially involved, I inferred that this passive stretching
results in significant amounts of elastic energy being stored and released, powering
the rapid internal rotation of the humerus that follows. One limitation of these
studies, however, is that they can only indirectly infer elastic energy storage from
other data, because in vivo imaging of soft tissues during the throwing motion is

difficult and more invasive methods that measure muscle strain such as
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sonomicrometry (24, 25) are not possible in human subjects. Furthermore, in vivo
measurement of ligament and tendon strains and elastic energy storage is difficult, if

not impossible, in a structure such as the shoulder (26-29).

4.3 Model

[ propose that humans power high-speed throws by combining the transfer
of kinetic power between segments, active muscle force produced throughout the
body, and large amounts of elastic energy stored and released at the shoulder. The
propulsive portion of the throwing motion begins with a large stride in the goal
direction (3, 4), which serves to generate linear velocity in the upper body (8) and
also to position the pelvis and torso for the rotation that follows. As the
contralateral-side foot contacts the ground, the pelvis and torso begin to rapidly
rotate the throwing-side arm towards the target (3, 4). The large hip rotator
muscles are likely responsible for powering the majority of the rapid rotation of
both the pelvis and torso, with less significant contributions from the torso rotators.
While the torso rotation motion accelerates, the forelimb is moved to its “cocking”
position. The humerus is abducted nearly 90° at the shoulder, horizontally extended,
and externally rotated to its actively achieved ROM limit, while the elbow is flexed
nearly 90° (3, 4). Chapter 3 suggests that this positioning of the arm and forearm
maximizes the forelimb’s moment of inertia around the humeral rotation axis
(Figure 4.1). This large moment of inertia thus causes the arm to lag behind,

passively externally rotating the humerus, potentially storing elastic energy in the
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ligaments, tendons, and muscles crossing the shoulder. As torso rotation angular

velocity peaks and the largest

Figure 4.1. Free-body diagram of the throwing arm during cocking. During the
cocking phase, the arm is abducted (61) nearly 90° at the shoulder, positioning the
mass of the arm, forearm, hand, and projectile away from the rotational axis of the
torso. By flexing the elbow (02) slightly less than 90°, the moment of inertia (My) is
maximized around the long axis of the humerus. As torso rotation accelerates and
the Pectoralis major contracts (increasing tin) the forelimb’s large moment of inertia
cause it to lag behind the accelerating torso, passively externally rotating the
humerus, and stretching the elastic elements crossing the shoulder.

shoulder flexor, Pectoralis major, is activated, the passive external rotation of the
arm reaches its maximal extent. The biceps then briefly deactivate allowing the
triceps and large centrifugal forces from the torso rotation motion to rapidly extend
the elbow (7, 11). As the elbow is extended, the moment of inertia around the long
axis of the humerus drops allowing the stretched elastic elements to recoil. This

recoil recovers the stored elastic energy, and in combination with the internal
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rotator muscles of the shoulder, powers the rapid internal rotation the humerus,
further extension of the elbow, and flexion of the wrist in a whip-like sequence that

terminates in projectile release.

4.4  Hypotheses

Here we use a novel experimental approach to test our model of how human
throwers generate power. We examined experimentally the effects of four key
motions primarily responsible for projectile speed (torso rotation, shoulder internal
rotation, elbow extension, and wrist flexion - Figure 4.2) by inducing variation in
throwing kinematics through the use of therapeutic braces that limit joint range of
motion (ROM) or modify joint position. Using braces allows us to experimentally
test the effects of morphologies that are associated with performance differences in
a study group where all individuals have comparable, high skill levels. Furthermore,
this approach allows for a within-subjects experimental design, which can be
valuable in analyzing complex motions such as throwing that can differ significantly
in kinematics between individuals. Braces can also be used to induce variation
where none currently exists. Using such braces to generate variation is necessary
because collecting kinematic data from closely related species that vary in forelimb
morphology, such as chimpanzees, is difficult and from extinct hominins is
impossible. Further, since chimpanzees throw poorly and with very different
kinematics than humans (30-33), we lack appropriate natural variation in the form
of intermediate morphologies and throwing performance to adequately address the

evolution of this complex behavior.
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Another advantage of using braces is that we can use kinematic data from
these experiments in combination with inverse dynamics analysis (which uses

Newtonian physics to break down complex motions into the individual rotations

A. towards target (+) B

away from target (-)

\
external (-) y internal (+)

/

C. D.

flexion (+)

extension (V
/ ................

flexion (+)

extension (-)

Figure 4.2. The four critical upper body motions examined in this study are: A. torso
rotation; B. shoulder rotation; C. elbow flexion/extension; D. wrist flexion/extension.
The + and - senses in the diagram show the convention used to describe the
directionality of the angular velocities and torques. Note: the torso rotation senses
are dependent upon handedness, as the description is relative to the throwing side.

occurring around each joint axis and the forces that drive those motions) to test

discrete hypotheses about how particular motions and morphologies contribute to
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throwing performance. By combining the use of braces with inverse dynamics, we

test five related hypotheses using an observed versus expected framework.

Hypothesis 1: The hip rotator muscles generate much of the torso rotation
power during throwing. Previous work has shown that hip rotation is an important
component of the throwing motion and is correlated with throwing performance
(34-36). We propose that by stabilizing the torso relative to the pelvis through
bilateral contraction of the intrinsic spinal rotator muscles, the large hip rotators
can power the rapid rotation of the torso and pelvis together. Both the medial hip
rotators (Gluteus medius and minimus, Tensor fasciae latae) and lateral hip rotators
(Gluteus maximus, Quadratus femoris, both Gemelli, both Obturator, Piriformis,
Sartorius) can be active at the same time during the throwing motion at the
contralateral and throwing-side hips respectively. We test this hypothesis by
limiting intervertebral rotation using a back brace, which is predicted to lead to
significant reductions in torso rotation angular velocity, torque, power, and work.
However, given that we are only limiting torso rotational motion generated between
the vertebrae and not at the hips, we expect the reductions in these throwing

performance measures to be minor.

Hypothesis 2: Torso rotation powers the storage of elastic energy at the
shoulder. Chapter 3 proposed that by abducting the shoulder and flexing the elbow
as torso rotation reaches its peak angular velocity, the forelimb’s mass is positioned
away from the shoulder, increasing its moment of inertia, and causing the forelimb

to lag behind the accelerating torso. This lag causes further external rotation of the
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shoulder beyond the active muscularly driven ROM and into the passive range (37-
39). It is reasonable to hypothesize that this passively, externally rotated and
horizontally extended shoulder position results in stretching of the elastic elements
that cross the shoulder and the storage of elastic energy (39). Although future work
is necessary to determine which structures store and release this elastic energy, we
can document the occurrence of elastic energy storage by comparing actual
performance to estimates of maximum performance potential (39). When actual
performance exceeds even generous models of maximum performance, we will infer
that elastic energy recovery accounts for the difference. Furthermore, when the
production of negative work at joints of interest, indicating energy loss or
absorption by elastic structures, is immediately followed by rapid, powerful motions,
the presence of elastic recoil can again be inferred. Consequently, this study tests
the hypothesis that torso rotation contributes to the elastic storage mechanism by
examining how the torso brace restriction affects throwing performance at the
shoulder. If elastic energy is stored as predicted, then we expect that when the brace
is applied, minor reductions in torso rotation performance will lead to reductions in
the amount of negative work done at the shoulder during the cocking phase. This
reduction in shoulder rotation work during cocking should further result in large
reductions in shoulder rotation angular velocity, torque, power, and work during

acceleration.

Hypothesis 3: Pectoralis major powers the storage of elastic energy at the
shoulder. Much like the torso rotation motion, we propose that when the forelimb is

in its cocked position (3) muscular action by the largest shoulder horizontal flexor, P.
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major, will result in substantial torque generated around the same shoulder axis as
the torso rotation torque, causing the forelimb’s mass to lag and stretch the elastic
elements at the shoulder. Mathematical decomposition of the projectile’s speed into
the angular velocity contributions of each joint motion in the upper body show that
horizontal flexion at the shoulder actually contributes negatively to projectile speed
at release (8). However, individuals with a congenital absence of the P. major
(Poland’s syndrome) have been noted to throw poorly (40). Further, action by the
horizontal flexors as the arm is cocked may generate useful torque and power
around the same axis as the torso rotation motion and help load the elastic storage
mechanism at the shoulder. To test this hypothesis, we use a clavicle brace to
modify the orientation of P. major and alter its major line of action. When restricted
the brace should cause a suboptimal realignment by cranially rotating this muscle’s
major line of action, which we expect will again result in a significant reduction in
the amount of negative work done at the shoulder during cocking, and thus
reductions in shoulder rotation angular velocity, torque, power, and work during

acceleration.

Hypothesis 4: Rapid elbow extension and wrist flexion at the end of the throw
are generated passively. Previous research has suggested that the extremely rapid
motions at these distal joints just prior to projectile release result from the kinetic
transfer of power from more proximal body segments, such as the torso and
shoulder (7-9, 20, 21). To further test this hypothesis, we examine data from three

proximal joint brace restrictions (torso, shoulder - which limits external rotational

64



ROM, and clavicle). We expect that for each of these proximal restrictions elbow

extension and wrist flexion angular velocity and work will drop significantly.

Hypothesis 5: Wrist hyperextension allows release to occur later in the
throwing motion enabling the shoulder internal rotation and elbow extension motions
to attain higher angular velocities. Kinematic data on the overhand throwing motion
have shown that while the arm is cocking, the wrist slowly hyperextends and then
rapidly flexes as the arm accelerates towards the target (8, 10). This wrist
hyperextension could enable other more proximal joint actions (eg. elbow flexion)
to continue to accelerate prior to release and still achieve an accurate release
trajectory. We test this hypothesis by restricting hyperextension using a wrist brace,
which we expect will result in a significant decrease in the duration of the final
acceleration phase of the throw, as well as significant reductions in wrist flexion,

elbow extension, and shoulder internal rotation angular velocities and work.

Finally, we expect that projectile speed will drop significantly during all

brace restricted conditions.

4.5 Materials and Methods

Subjects - Throwing data were collected from 24 male subjects (ages 19-23).
All subjects included in the study met pre-determined inclusion criteria based on
throwing performance. Prior to the study, they had 5 tries to hita 1m x 1m target
from 10m away at 22.35 m/s (50mph) or higher. In addition, during data collection,
at least one throw across all conditions had to reach 22.35 m/s or higher. These

performance criteria were designed to exclude poor throwers and resulted in the
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exclusion of three subjects. An additional subject was excluded because his
abnormal responses to the braces caused his kinematics to be more than 2 standard

deviations away from the mean performance measures in all brace conditions.

Data collection - Three-dimensional, kinematic data were collected at 1000Hz

using an eight-camera Vicon T10s 3D infrared motion capture system (Vicon Inc,

A. MC2
WristLat »

(074 ThrowAcro
ContraAcro_ . a5
L > Scaplat ElbLat -

ScapMed *r

ElbMed
~(below)

—WristMed
__ Torso

ContraHip

* ThrowHip

Figure 4.3. Reflective markers (A) and kinetic model (B) used in data collection and
analysis. Note: The markers labeled ___Torso are a rigid cluster of 4 markers
(SupTorso, ContraTorso, InfTorso & ThrowTorso). A second rigid __Arm cluster is
missing from this trial. In B, the light gray kinetic model shows the segments used in
the inverse dynamics analysis. The Ball segment was a non-independent point mass
added to the hand segment at the approximate ball position of a split-finger throw.
This mass was dropped to zero in the analyses after the ball was released. The
FuncSho marker highlighted is the functional joint center of the shoulder joint
defined using a conical motion trial. RFA80 refers to another functional joint used to
solve a tracking problem resulting from the different joint centers for
flexion/extension and pronation/supination in the elbow (39).

Centennial CO, USA). Each subject had twenty-one passive reflective markers taped
on the throwing arm and torso (Figure 4.3, Table 4.1). Subjects were first given the

opportunity to warm up and then asked to throw a 144g baseball at a 1m radius
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Segment Definitions

Segment Segment Defining Markers Tracking Axes

Geometry Markers

Thorax/Pelvis | Cylinder | Proximal: ThrowHip, | midHip (calc) | X: axial

ContraHip ThrowAcro flex/extension
Distal: ThrowAcro, ContraAcro Y: lateral
ContraAcro flex/extension
Z: axial rotation
Arm Cone Proximal: FuncSho FuncSho X: flex/extension
(calc), ThrowAcro (calc) Y: ab/adduction
Distal: EIbMed, ElbMed :
ElbLat Z: int/external
EldLat rotation
ForearmUpper Cone Proximal: EIbMed, ElbMed X: flex/extension
ElbLat
ElbLat

Distal: RFA80 (calc) | proiao (calc)

ForearmLower Cone Proximal: RFA80 RFA80 (calc) Z: pro/supination
(calc) WriMed
Dk W |
Hand Sphere Proximal: WriMed, midWrist X: flex/extension
Wrilat (calc) Y: ulnar/radial
Distal: MC5, MC2 MC5 deviation
MC2
Ball Sphere Single marker: Ball midWrist No independent
Prox (calc) (calc) motion
MC5
MC2

Table 4.1. Segment parameters used in the kinetic model. Segment length and
diameter is obtained using the defining marker sets. Segmental movements are
recorded using the tracking markers around the defined axes.

target positioned 10m from the subject. Each subject threw approximately 10-20

pitches in each of five randomly ordered experimental conditions (see below). Ball
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speed was measured using a Sports Radar Model 3600 radar gun, and ball accuracy
was calculated using Image ] software (v 1.41) from digital video collected with a 30
Hz Canon Vixia HV30 digital video camera (Canon Inc, Tokyo, Japan) recording the
ball impacting the target. Ball release was timed using a synched FlexiForce A201
force sensor (Tekscan Inc, Boston MA, USA) collecting at 1000Hz taped to the

palmar side of the distal phalanx of the third digit.

Experimental treatments - Five different experimental treatments were used:
normal unrestricted, torso restricted, clavicle restricted, shoulder restricted, and
wrist restricted. All restricted conditions were accompanied by sham trials in which
the brace was applied but not tightened to test the effect of the brace itself
independent of the restriction (except for the torso restriction condition for which
this was not possible). All brace conditions used commercially available therapeutic
braces. Subjects were given ad libitum practice throws to acquaint themselves with
both the sham and restricted portions of each condition. The torso restriction
condition employed a DonJoy Dual TLSO back brace (DonJoy Inc., Vista, CA) to limit
intervertebral motion from T2 /T3 to the sacrum. This back brace uses wide, elastic
Velcro straps to fasten a rigid plastic plate on the dorsal side of the body with a
similar, smaller plate on the ventral side. A steel bar with a wide, padded end
extends cranially from the ventral plate and is fixed against the clavicles to prevent
rotational motion in the torso. The clavicle restriction condition used a DonJoy
Clavicle Posture Support brace to hold the shoulder in a superiorly rotated,
“shrugged” posture. This brace contains two self-adhering straps that run over the

shoulders, under the armpits, and join in the back. During brace tightening, the
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subject was requested to shrug his shoulders and the clavicle brace was tightened to
prevent a relaxation. For the shoulder restriction condition, a DonJoy Shoulder
Stabilizer brace was used to limit external rotational ROM at the shoulder. This
shoulder brace is comprised of a tight, elastic Velcro vest with a single, elastic half-
sleeve on the throwing arm. To restrict external rotation of the humerus, the arm
was internally rotation and a Velcro strap was affixed from the dorsal side of the
vest to the ventral side of the sleeve. The wrist restriction condition employed an
Allsport Dynamics IMC Wrist brace (Allsport Dynamics Inc., Nacogdoches, TX) with
the 0° extension stop either employed (restricted) or absent (sham). This brace
affixed a rigid plastic sleeve and a small plastic plate to the dorsal side of the distal
forearm and hand respectively. When the extension stop was screwed into place, the
plastic sleeve contacted the hand plate and prevented the wrist from

hyperextending.

Analysis - Raw marker data were identified using Vicon Nexus software (v
1.7.1) and exported to C-Motion Visual3D software (v4) for additional analysis. A
Butterworth 2n order low-pass filter with a cutoff frequency of 25Hz was chosen
and applied after a residual analysis (41) of the data was conducted (39). Marker
gaps of up to 100 frames were interpolated using Visual3D. Joint Euler angles were
calculated and inverse dynamics analyses were performed using mass distribution
ratios from Dempster (42) in Visual3D. Joint angular velocities, moments, and
power were calculated using each joint’s instantaneous axis of rotation. The Cardan
sequence of rotations at each joint was XYZ. Joint work was calculated in MATLAB (v

7.11.0) using the trapz function. To help simplify analysis, each throwing motion
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was divided into five standard throwing phases: windup/stride, arm-cocking, arm
acceleration, arm deceleration, and follow-through (3). Because positive projectile
linear velocity is generated during the arm-cocking and acceleration phases (Figure
4.4), we present data from just these two phases. Individual subject means from a
number of performance measures were compared across experimental conditions

using repeated measures ANOVA or MANOVA when variances were not equal

End of Stride Maximum External Rotation Release

Shoulder external rotation

0ol
|:| |:| |:| |:| |:| Shoulder extension Shoulder flexion I I
0ol

Elbow flexion 100 Elbow extension  J | |
|

Wrist extension | |:| |:| - I I

Figure 4.4. The arm-cocking and acceleration phases of the throw. Arm-cocking
begins with the contralateral foot touching the ground at the end of a large stride
(STR) in the target direction. During the cocking phase, the humerus externally
rotates until it reaches maximum external rotation (MER). Following MER, the very
brief acceleration phase occurs in which the humerus rapidly internally rotates, the
elbow extends and the wrist is flexed. Acceleration ends with the release (REL) of
the projectile.
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(Mauchley’s sphericity chi-square p < 0.05). Differences were taken as significant at
the alpha < 0.05 level. Post-hoc matched pairs t-tests were used to determine which
condition (normal, sham, and/or restricted) accounted for any significance. Given
that the torso restriction condition does not have sham, all reported statistics for

this condition are matched pairs t-tests.

4.6 Results

Normal unrestricted condition: During normal unrestricted throwing,

maximum ball speed was 27.7+3.8 m/s (mean of all subject means=st. dev. of
subject means) with the ball striking the target on average 0.3+0.2 m from the
bullseye. The angular velocity of torso rotation peaked (848+160 °/s) during the
latter half of the cocking phase (Figure 4.5), before producing an opposing braking
torque during the brief acceleration phase. This opposing torque resulted in a short
period of power absorption during acceleration, generating net negative work
during this phase (-74+44 ]). During the cocking phase at the shoulder, the humerus
was externally rotated while simultaneously a large, opposing internal rotation
torque was generated. This resulted in a sustained period of power absorption and
negative work (-201+70 ]) at the shoulder. As the acceleration phase began, with the
initiation of shoulder internal rotation, the shoulder rotation torque and angular
velocity became in-phase resulting in very high angular velocities (4290« 1127 °/s)
and peak power (11838+4170 W). At the elbow, the cocking phase began with the

elbow continuing to flex, while a moderate flexion torque was produced. However,
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Figure 4.5. Joint kinematic and kinetic data from the four critical joint axes during
normal throwing. Mean data across all subjects are shown with bolded lines, while
95% confidence intervals are reported with dashed lines. Differences in phase
timing between individuals were standardized by interpolation each phase 1000
fold and subsequently down sampling each throw to a standard length. The length
ratio of the two phases was kept proportional to the normal, unrestricted phase
duration ratio. The arm-cocking phase (between STR and MER) is shown in the
white field and labeled C in the work plots, while the acceleration phase (between
MER and REL) is shown in a gray field and labeled A in the work plots.

during the last quarter of the cocking phase the elbow began to extend rapidly (-
2434+552 °/s), peaking midway through the acceleration phase. During this rapid

extension, the opposing flexion moment at the elbow intensified, resulting in large
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Torso Restriction

Normal Torso Restriction
Performance Max. ball speed (m/s) 27.7(+ 3.8) 26.3(+ 4)*
Accuracy (m from bullseye) 0.3(+0.2) 0.4(£0.3)
Timing Duration of Cocking (ms) 387(+ 182) 303(+ 122)*
Duration of Acceleration (ms) 40(+ 12) 37(+12)
Torso rotation Peak Ang. Vel. (deg/s) 848(+ 160) 835(+ 158)
(+ throw arm torwards target, Peak Torque (Nm) 828(+ 437) 773(* 424)
- away from target) Peak Power (W) 6207(+ 2190) 5968(+ 2166)
Work - Cocking (J) 609(+ 171) 536(+ 149)*
Work - Acceleration (J) -74( 44) -79( 40)
Shoulder rotation Peak Ang. Vel. (deg/s) 4290(+ 1127) 3970(+ 1226)*
(+ internal, - external) Peak Torque (Nm) 206(+ 42) 178(+ 42)
Peak Power (W) 11838(+ 4170) 9872(+ 4005)*
Work - Cocking (J) -201(% 70) -184(% 73)*
Work - Acceleration (J) 132(+ 52) 100(+ 56)*
Elbow flexion/extension Peak Ang. Vel. (deg/s) -2434(+ 552) -2284(+ 582)*
(+ flexion, - extension) Peak Torque (Nm) 392(+ 116) 357(+ 121)
Peak Power (W) 2028(+ 3983) 2473(+ 4498)
Work - Cocking (J) 2(x27) -1(+ 22)
Work - Acceleration (J) -246(% 63) -218(+ 53)*
Wrist flexion/extension Peak Ang. Vel. (deg/s) 1593(+ 336) 1645(+ 280)
(+ flexion, - extension) Peak Torque (Nm) 7(x3) 6(+ 3)
Peak Power (W) 138( 90) 155( 109)
Work - Cocking (J) 0.2(+ 1) 0.3(x1)
Work - Acceleration (J) 1(+2) 1(+2)

Table 4.2. Kinematic and kinetic performance measures for the four critical joint
axes during normal and torso restriction conditions. Given that no sham was
possible for this condition, restricted values that statistically differ (p <0.05) from
normal values are indicated with *. Bold values indicate hypothesized reductions
from normal values, while italic values indicate unexpected changes.

amounts of power being absorbed and negative work generated (-246+63 ]). Finally,

at the wrist, a sustained extension occurred until the very end of the cocking phase,
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when the wrist began to rapidly flex, continuing through the acceleration phase. A
small flexion moment was produced (peak - 7+3 Nm) at the end of cocking, which
then dropped to near zero and recovered during the acceleration phase. This
oscillating power resulted in a small, net positive amount of work (1+2 J) generated
during acceleration. Importantly, while there was considerable variation between
subjects in the timing and duration of the throwing phases, as well as significant
differences in overall performance, there was very little variation in the pattern of

throwing kinematics across subjects.

Torso restriction condition: The torso restriction brace completely restricted

intervertebral rotational motion, allowing only the hip rotators to rotate the trunk.
Given the design of the torso brace, no sham condition was possible. Contrary to
expectations, there were no significant reductions in torso rotation peak power,
angular velocity, or torque (Table 4.2). However, a significant drop in torso rotation
work during cocking (-11+18%) was recorded. As expected, significant reductions
were seen in shoulder rotation peak angular velocity (-7+13%), power (-14+20%),
and work (cocking: -7+25%); acceleration: -19+30%). Reductions also occurred in
elbow extension peak angular velocity (-6+7%) and elbow work during acceleration
(-7+£14%). No significant reductions were measured in any performance variables at
the wrist. As hypothesized, when the torso restriction brace was applied, maximum

ball speed dropped -5+6%.

Clavicle restriction condition: When applied, the clavicle brace superiorly

rotated the scapula 7+4° and also limited scapular protraction. The clavicle sham
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Clavicle Restriction

Performance

Timing

Torso rotation

(+ throw arm torwards target, -
away from target)

Shoulder rotation
(+ internal, - external)

Elbow flexion/extension
(+ flexion, - extension)

Wrist flexion/extension
(+ flexion, - extension)

Max. ball speed (m/s)
Accuracy (m from bullseye)

Duration of Cocking (ms)
Duration of Acceleration (ms)

Peak Ang. Vel. (deg/s)
Peak Torque (Nm)

Peak Power (W)
Work - Cocking (J)
Work - Acceleration (J)

Peak Ang. Vel. (deg/s)
Peak Torque (Nm)
Peak Power (W)

Work - Cocking (J)
Work - Acceleration (J)

Peak Ang. Vel. (deg/s)
Peak Torque (Nm)
Peak Power (W)

Work - Cocking (J)
Work - Acceleration (J)

Peak Ang. Vel. (deg/s)
Peak Torque (Nm)
Peak Power (W)

Work - Cocking (J)
Work - Acceleration (J)

Normal

27.7(+3.8)
0.3(+0.2)

387(+ 182)
40( 12)

848(+ 160)
828(+ 437)

6207(+ 2190)
609(+ 171)
-74(+ 44)

4290(+ 1127)
206(+ 42)
11838(+ 4170)
-201(x 70)
132(+ 52)

-2434(+ 552)
392(+ 116)
2028(+ 3983)
2(27)
-246(+ 63)

1593(+ 336)
7(¢3)
138(+ 90)
0.2(£ 1)

1(£ 2)

Clavicle Sham

27(+4.2)*
0.4(£0.2)

300(% 72)*
32(+ 9)*

862(+ 144)
580(+ 167)

6869(+ 2617)
638(+ 177)
-109(+ 53)*

3852(+ 1175)*
180(+ 38)
8431(+ 4455)*
-188(+ 60)
54(+ 35)*

-2326(+ 517)
357(+ 80)
631( 1050)
4(+ 21)
-225(+ 58)*

1505(+ 255)
6(+2)
113(+ 80)
0.4(x 1)

1(£ 1)

Clavicle
Restriction

26.3(+ 4.1)*t
0.4(£0.2)

306(+ 93)*
34( 11)

870(+ 155)
588(+ 240)

6492(+ 2159)
607(+ 174)
-107(+ 63)*

3778(+ 1126)*
169(+ 37)*+
8958(+ 4552)*
-173(+ 63)*t
58(+32)*

-2220(+ 517)*F
336(+ 84)1
630(+ 1064)
5(¢ 22)

-206(+ 59)*+

1510(+ 276)
6(+ 2)
107(x 73)
0.3(+ 1)

1(+ 1)

Table 4.3. Kinematic and kinetic performance measures for the four critical joint
axes during normal and clavicle brace restricted conditions. Restricted and sham
values that statistically differ (p <0.05) from normal values are indicated with *,

while restricted values that statistically differ from the sham are shown with t. Bold
values indicate hypothesized reductions from normal values, while italic values
indicate unexpected changes.

showed no significant effects on joint motion. However, data from the sham trials

(Table 4.3) indicate some perturbation of the normal throwing motion as there were
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reductions in: mean maximum ball speed (-3+5%), phase duration (cocking -
12+27%, acceleration -16+27%), torso rotation work - acceleration (-42+42%),

elbow extension work - acceleration (-10+17%), shoulder rotation work -

acceleration (-56+25%), and shoulder rotation angular velocity (-11+12%) and
power (-28+32%). When the restriction was added, there was a further drop in
maximum ball speed of -3+6%. Reductions in shoulder rotation peak torque (-
13+31%) and work during acceleration (-9+10%) were recorded relative to normal
values. Elbow extension angular velocity dropped -4+8% relative to normal, while
elbow work during acceleration dropped -8+13% relative to the reduced sham

values. No significant changes were observed in the wrist.

Shoulder restriction condition: When tightened, the shoulder brace reduced

shoulder external rotation by 24+9°. However, when acting as a sham, the shoulder
brace also restricted external rotation by 11+7°, much like a tight jacket. During the
sham trials, there were also slight reductions in mean maximum ball speed (-3+5%),
shoulder rotation work during the cocking phase (-9+13%), and a slight lengthening
of the duration of the cocking phase (3+5%) (Table 4.4). However, for each of these
significant changes in the sham condition, the shoulder restriction condition
statistically differed from both the sham and normal conditions. The restricted trials
showed a reduction in maximum ball speed from the sham trials of -8+6%. The

duration of the cocking phase of the restricted trials shortened (-9+14%), while the
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Shoulder Restriction

Shoulder rotation

Peak Ang. Vel. (deg/s)

4290(+ 1127)

4261(+ 1106)

Normal Shoulder Sham Shoulder

Restriction
Performance Max. ball speed (m/s) 27.7(+ 3.8) 27(+ 4)* 24.9(% 4)*t
Accuracy (m from bullseye) 0.3(£0.2) 0.4(0.3) 0.4(x0.3)
Timing Duration of Cocking (ms) 387(+ 182) 392(+ 167) 354(+ 196)*t
Duration of Acceleration (ms) 40(x12) 38(+ 14)* 55(+27)*t
Torso rotation Peak Ang. Vel. (deg/s) 848(+ 160) 859(+ 161) 833(+ 156)

- +
(+ throw arm torwards target, Peak Torque (Nm) 828(+ 437) 827(+ 404) 890(+ 453)
away from target)

Peak Power (W) 6207( 2190) 6111(% 2036) 5559(+ 2000)
Work - Cocking (J) 609( 171) 587(+ 152) 513(+ 154)*+
Work - Acceleration (J) -74(+ 44) -78(+42) -42(+ 57)*t

4038(+ 1141)

(+ internal, - external) Peak Torque (Nm) 206(+ 42) 206(+ 45) 198(+ 45)
Peak Power (W) 11838(+ 4170) 12145(+ 4628) 13566(+ 6141)
Work - Cocking (J) -201(+ 70) -181(+ 63)* -113(+ 57)*t
Work - Acceleration (J) 132(+ 52) 124(+ 63) 138(+ 58)
Elbow flexion/extension Peak Ang. Vel. (deg/s) -2434(+ 552) -2341(+ 505) 1923(+ 471)*t
(+ flexion, - extension) Peak Torque (Nm) 392(+ 116) 355(+ 88) 326(+ 100)
Peak Power (W) 2028(+ 3983) 1229(+ 2050) 1180(+ 2383)
Work - Cocking (J) 2(x27) 3(+ 20) 4(+ 24)
Work - Acceleration (J) -246(+ 63) -236(+ 58) -190(+ 46)*+
Wrist flexion/extension Peak Ang. Vel. (deg/s) 1593(+ 336) 1549(+ 490) 1515(+ 332)
(+ flexion, - extension) Peak Torque (Nm) 7(x3) 6(+2) 6(+2)
Peak Power (W) 138(+ 90) 128(+ 74) 127(+ 70)
Work - Cocking (J) 0.2(+1) 0.4(1) -0.1(+ 1)*+
Work - Acceleration (J) 1(+ 2) 1(£2) 2(+ 1)*t

Table 4.4. Kinematic and kinetic performance measures for the four critical joint
axes during normal and shoulder brace restricted conditions. Restricted and sham
values that statistically differ (p <0.05) from normal values are indicated with *,
while restricted values that statistically differ from the sham are shown with t. Bold
values indicate hypothesized reductions from normal values, while italic values
indicate unexpected changes.

acceleration phase lengthened (38+56%). Reductions in torso rotation work

were recorded for both phases (cocking -14+20%, acceleration -41+57%). Although
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shoulder rotation work during the cocking phase dropped significantly (-45+17%)
from normal values, no further significant reductions occurred in shoulder rotation
peak angular velocity, torque, power, or work during acceleration. As predicted
there were significant reductions in elbow extension angular velocity (-21+10%)
and elbow work during acceleration (-20+21%). Wrist flexion peak angular velocity
remained unchanged, but a significant reduction in wrist work during cocking was

followed by a significant increase in wrist work during acceleration.

Wrist restriction condition: When restricted by a brace, wrist extension ROM

was reduced 62+7°, but there was no significant reduction in the sham condition.
However, the wrist restriction sham trials showed numerous significant reductions
in the measured performance variables (Table 4.5). Although the restricted
condition showed significant reductions in ball speed and phase duration from
normal values, these reductions were not significantly different from the sham
condition. Similarly, while torso rotation performance metrics differed from normal
values, only torso rotation work during acceleration differed between the sham and
restricted trials (-6+17%). However, restricted shoulder rotation peak angular
velocity dropped -6+8% from sham values, while shoulder rotation peak power and
work values all dropped relative to normal and increased relative to sham trials.
Elbow extension peak angular velocity did not differ between sham and restricted
conditions, although restricted elbow work during acceleration dropped -19+14%

from sham levels. The wrist flexion peak angular velocity dropped -34+37% relative

78



to the sham trials, while wrist flexion/extension peak power and work during

acceleration increased relative to the sham.

Wrist Restriction

Performance

Timing

Torso rotation

(+ throw arm torwards target, -
away from target)

Shoulder rotation
(+ internal, - external)

Elbow flexion/extension

(+ flexion, - extension)

Wrist flexion/extension
(+ flexion, - extension)

Max. ball speed (m/s)
Accuracy (m from bullseye)

Duration of Cocking (ms)
Duration of Acceleration (ms)

Peak Ang. Vel. (deg/s)
Peak Torque (Nm)

Peak Power (W)
Work - Cocking (J)
Work - Acceleration (J)

Peak Ang. Vel. (deg/s)
Peak Torque (Nm)
Peak Power (W)

Work - Cocking (J)
Work - Acceleration (J)

Peak Ang. Vel. (deg/s)
Peak Torque (Nm)
Peak Power (W)

Work - Cocking (J)
Work - Acceleration (J)

Peak Ang. Vel. (deg/s)
Peak Torque (Nm)
Peak Power (W)

Work - Cocking (J)
Work - Acceleration (J)

Normal

27.7(+3.8)
0.3(+0.2)

387(+ 182)
40( 12)

848(+ 160)
828(+ 437)

6207(+ 2190)
609(+ 171)
-74(+ 44)

4290(+ 1127)
206(+ 42)
11838(+ 4170)
-201(x 70)
132(+ 52)

-2434(+ 552)
392(+ 116)
2028(+ 3983)
2(27)
-246(+ 63)

1593(+ 336)
7(¢3)
138(+ 90)
0.2(+ 1)

1(£ 2)

Shoulder Sham

26.1(+ 3.9)*
0.4(£0.2)

309(+ 72)*
34(+ 9)*

838(+ 175)
431(+ 96)*

5488(+ 1670)
541(+ 136)*
-69(+ 42)

3799(+ 1237)*
191(+ 53)
3534(+ 1415)*
-181(+ 66)*
33(¢ 27)*

-2308(+ 587)*
351( 116)
537(+ 466)

15(+ 19)*
-215(+ 63)*

1406(+ 331)*
3( 2)*

24(+ 28)*
0.5(x 1)

-3(2 2)*

Shoulder
Restriction

25.8(+ 4)*
0.4(£0.2)

311(+ 95)*
33(+10)*

831( 188)
409(+ 101)*

5676(+ 2149)
550(+ 155)*
-62(+ 39)*t

3579(+ 1217)*+
185(+ 53)
4852(+ 2614)*+
-192(+ 68)*
49(+ 31)*+

-2261(+ 588)*
276(% 81)*t
354(+ 178)
-0.5(+ 24)t
-174(+ 61)*t

881(+ 243)*t
6(+ 2)t

47(+ 29)*+
0.5(+0.4)
1(+ 1)t

Table 4.5. Kinematic and kinetic performance measures for the four critical joint
axes during normal and wrist brace restricted conditions. Restricted and sham
values that statistically differ (p <0.05) from normal values are indicated with *,
while restricted values that statistically differ from the sham are shown with t. Bold
values indicate hypothesized reductions from normal values, while italic values
indicate unexpected changes.
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4.7 Discussion

Overall, the results of the brace restriction trials are largely consistent with
our model of power generation during throwing. We found support for both the use
of an elastic energy storage mechanism at the shoulder as well as the importance of
a kinetic chain in transferring power between body segments. These data also show
some unanticipated responses to sham conditions, especially in the wrist, which

bear further explanation and investigation.

We hypothesized (H1) that by restricting rotational movement between the
vertebrae by using a brace, measures of throwing performance would experience
small, but significant reductions. However, despite the fact that the restriction of
intervertebral motion was essentially complete, we saw a significant reduction in
torso rotation work during only the cocking phase. All other torso performance
measures remained unchanged. This result suggests that during normal throwing,
most (~90%) of the work required to achieve high projectile velocity is generated at
the hips. The reduction seen in torso rotation work during the cocking phase may be
driven by a significant reduction in the duration of this phase. However, the fact that
other brace conditions result in similar changes in phase duration without affecting
the amount of torso rotation work performed suggest this is not the case. These data
strongly support the hypothesis that the hip rotators are almost wholly responsible
for powering the rapid rotation of the torso (34-36). Further work is necessary to
determine which hip rotator muscles are primarily responsible for generating this

power.
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Although the torso brace restriction resulted in mostly minor, non-significant
reductions in performance at the torso, the effects of this brace do seem to be
amplified at the shoulder. We had hypothesized (H2) that if torso rotation was in
fact powering the elastic storage mechanism at the shoulder (39), even minor
reductions in torso rotation performance should result in less elastic energy stored
at the shoulder and, consequently, large reductions in shoulder rotation
performance. The data from the torso restriction trials support this hypothesis.
Negative shoulder rotation work during the cocking phase, which can be used as a
proxy for elastic energy storage, is reduced by more than 10% during the torso
brace trials. Further reductions in shoulder rotation angular velocity, power, and
work during the acceleration phase accompany this reduction in work during the
cocking phase. While it is again possible that a reduction in the duration of the
cocking phase is partly responsible for changes in the shoulder performance
measures, data from other experimental conditions in which the cocking phase
shortened without affecting these same measures make this unlikely. Furthermore,
no change is seen in the duration of the acceleration phase in which peak shoulder
rotation angular velocity and power are achieved. These results provide support for
torso rotation contributing to elastic energy storage in the shoulder during the arm-

cocking phase.

The other potential source of power we proposed (H3) could contribute to
elastic energy storage at the shoulder is Pectoralis major. By using the clavicle brace
to hold the shoulder complex in a superiorly rotated position, we sought to change

this muscle’s major line of action, effectively excluding contributions from the
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inferior fibers of the muscle to horizontal flexion at the shoulder. While no
significant effects of the sham were measured on static shoulder ROM, significant
changes in performance measures during the sham trials suggest that the unloaded
brace did cause some restriction potentially by limiting scapular protraction around
the moment of release. However, despite the unexpected restriction caused by the
sham and the performance responses that resulted during the sham trials, the
restricted trials did show further significant decreases in shoulder rotation work
during the critical cocking phase and also in peak shoulder torque. Shoulder
rotation angular velocity, power, and work during acceleration all changed relative
to the normal condition, but did not differ from the sham trials. While the reductions
in shoulder rotation torque and work during cocking confirm the effect of the
restriction and support the role of P. major in loading the elastic elements in the
shoulder, the lack of significant shifts in the other performance measures (e.g.
shoulder rotation angular velocity, power, and work during acceleration) leaves this
hypothesis only partially supported. It is possible that the minor superior rotation
the brace induced was insufficient to yield a large enough effect on these
performance measures to overcome the high degree of variance they show.
However, it is worth noting that the clavicle brace restriction did lead to
performance reductions in peak elbow extension angular velocity and work during

the acceleration phase.

It has long been thought that, despite very rapid angular velocities at the
distal elbow and wrist joints, the work and power necessary to achieve rapid

angular movements in these joints during throwing are derived from power
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generated at more proximal joints (7-9, 20, 21). As hypothesized (H4), work during
both the cocking and acceleration phases of a normal throw is very low at the wrist
and low or negative at the elbow. This finding suggests that both motions are largely
passive. Furthermore, when examining all brace conditions (torso, clavicle,
shoulder) in which proximal joint actions (torso rotation and/or shoulder rotation)
were affected, significant performance reductions were seen at the elbow, but not
the wrist. These data suggest that the elbow is likely powered primarily by kinetic
transfer from upstream joints (7-9, 20). This kinetic chain may also apply to the
wrist, although the lack of response to the restrictions at the wrist suggests some
compensatory action is possible. It is worth noting that given the brevity of the
acceleration phase, having multiple passive components in the shoulder, elbow, and
wrist could serve to simplify the difficult neural control problem that rapid
throwing poses. Such reduced complexity would allow the throwing motion to be

more easily, effectively, and consistently produced.

Another hypothesis (H5) was that wrist hyperextension allows throwers to
delay projectile release, enabling additional acceleration of the proximal joints,
while still maintaining an accurate release trajectory. Although the wrist brace
restriction did show a reduction in the duration of the acceleration phase relative to
the normal condition, it did not differ from the reduction seen during the sham trials.
In fact, unlike responses to the other brace’s sham conditions, the performance
effects of the wrist sham were pervasive and severe. Significant performance
reductions were seen in all segments analyzed during the wrist sham condition.

Given that no measurable effect of wrist ROM was noted with the sham, it is likely
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that the effects seen during the sham trials were due to the addition of the brace’s
mass to the distal forelimb. Although the mass of the brace was ~165 g, this
additional mass more than doubles the previously added ball’s mass at the hand.
These sham result suggest that the elastic storage mechanism at the shoulder could
be quite sensitive to changes in projectile or distal forearm mass. Without postural
adjustments, such a change in mass could significantly increase the forelimb’s
moment of inertia during the critical cocking phase and disrupt a system finely

tuned for passive action.

The wrist brace restriction did show significant performance effects relative
to the wrist sham where expected (shoulder rotation angular velocity, elbow
extension work - acceleration, and wrist flexion angular velocity). However, these
reductions appear to be independent of any change in phase duration. Furthermore,
a number of performance variables that were predicted to drop because of the
restriction (shoulder rotation work - acceleration, wrist peak power and work -
acceleration) actually increased over the sham values, potentially because of
compensation for the restriction. While these data do not lead to the outright
rejection of our wrist hyperextension hypothesis, further data on adding mass at the
wrist without using a brace are needed to address the effects of both factors on

throwing performance.

While the use of braces to induce variation in joint ROM can be an effective
way to address how skeletal morphology can contribute to complex motions such as

throwing, such an approach is not without limitations. Although all brace
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restrictions (except for the wrist) showed significant reductions in ball speed
relative to both their sham and normal trials, these reductions were relatively minor
(0.5-9%). Such minor reductions highlight the ability of the subjects - all
accomplished throwers - to compensate for minor to moderate disruptions of their
normal throwing motion. Brace restrictions can also lead to unintended responses,
such as limiting scapular protraction (clavicle brace) or causing compensatory
flexion action at the wrist (shoulder brace). Our experimental design targeted key
motions responsible for projectile speed, but the effect of these braces were not
restricted to only the motions reported here. Furthermore, even when tasked to
throw as hard as possible in all brace restricted conditions, the tendency of some
subjects to fight through the restrictions in order to maintain performance can lead
to variable effort between trials. Despite these drawbacks of our experimental
approach, both the kinematic data and the fact that accuracy remained unchanged
across all conditions does provide some confirmation that the normal throwing

motion was mostly preserved.

In conclusion, the results of this study confirm previous findings that power
generation during rapid overhand throwing is strongly affected by two phenomena:
the transfer of power/work from proximal segments to distal joints via a kinetic
chain (6, 7, 17, 20, 43) and elastic energy storage at the shoulder (23, 39). The hips
rotators were shown to account for most of the torso rotation power and work
produced during throwing. Through a kinetic transfer of power, torso rotation
enabled the passive loading of the elastic elements in the shoulder during the

cocking phase. Much of the energy absorbed at the shoulder during cocking was
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then recovered in the acceleration phase, resulting in faster shoulder internal
rotation and elbow extension just prior to release (39). The Pectoralis major was
also shown to contribute to the amount of energy absorption (negative work) at the
shoulder during the cocking phase and again showed significant effects on elbow
extension angular velocity. Kinetic power transfers like that used to load the elastic
storage mechanism are also likely driving the rapid elbow extension and wrist
flexion motions that occur at the end of the throw (7-9, 20). Both the wrist and
elbow show little to no positive work performed during either the cocking or
acceleration phases suggesting that both motions are powered by more proximal
joint actions. The effects of wrist hyperextension on the throwing motion remain
unclear. While there are clearly some performance benefits to hyperextension, the

unexpected effects of adding mass at the wrist makes interpreting these results

difficult.

A number of important questions remain unanswered and need further
study. While the storage and use of elastic energy at the shoulder is strongly
supported, where this energy is stored in unknown. There are numerous short,
elastic ligaments in the shoulder capsule and broad, flat muscles tendons crossing
the shoulder joint that, when stretched, could store elastic energy. There are also
elastic components within the muscle tissue of the many shoulder muscles that
could also contribute. Further investigation of these elastic elements using in vivo
soft tissue imaging during the throwing motion would be invaluable in addressing
which elements are storing elastic energy. It is also unknown how variations in

throwing kinematics would affect elastic energy storage. Increasing the variance in
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subjects’ throwing performance or including alternative throwing styles, such as
windmill-type cricket bowls, could provide important insights into differences in

elastic energy storage and throwing performance.

Finally, how power is generated during throwing may be used to better
understand common throwing injuries. Three of the most common injuries in
throwing athletes occur at the shoulder (shoulder labrum tears, shoulder
instability) and elbow (medial epicondylitis) (6, 10, 44-50). Damage to the superior
portion of the shoulder labrum at the attachment site of the biceps (a SLAP
lesion/tear) likely results from a high degree of passive external rotation of the
humerus during the arm-cocking phase (51, 52). During arm-cocking, the biceps are
activated in order to maintain the flexed elbow that is vital for elastic energy storage
(11). However, the combination of bicep flexion and passive external rotation of the
humerus cause high concentrations of stress at the biceps’ tendinous insertion on
the labrum. Such stretching and sometimes tearing of the biceps tendon suggests
that this tendon may in fact provide some elastic storage potential irrespective of
the role of the biceps in positioning the forearm. Similarly, shoulder instability and
the problems it can cause (anterior ligament laxity, increased likelihood of
dislocation (48)) may be driven by use of the capsular ligaments to store elastic
energy at the shoulder to power rapid throwing. During cocking, the arm is
abducted in line with the shoulders, horizontally extending, and externally rotated.
This arm position pulls taut the anterior band of the inferior glenohumeral ligament,
the middle glenohumeral ligament, and the coracohumeral ligament (53). When the

arm is then passively externally rotated as its mass lags behind the accelerating
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torso, these ligaments are stretched. Such stretching could enable the storage of
elastic energy in these ligaments, although with overuse it could lead to deformation
of these ligaments and, consequently, shoulder instability. Finally, the elbow flexion
positioning vital to increase the forelimb’s moment of inertia and enable elastic
energy storage also results in very high valgus torques at the elbow during both the
arm-cocking and early acceleration phases (10, 54-56). This high, out-of-the-joint-
plane torque stretches the ulnar collateral ligament, which stabilizes the elbow, and
can lead to damage and painful inflammation (6, 10, 50). All of these injuries directly
result from forelimb positioning necessary to maximize elastic energy storage.
Other frequent shoulder injuries, such as rotator cuff tears, are less directly related
to power generation, but likely result from forces generated to decelerate the

rapidly moving forelimb after the projectile is released (10, 49, 57).

Although the elastic energy used to power the throwing motion is vital to
throwing performance, the results from this study suggest steps that might be taken
to reduce the risk of injury to throwers. A number of studies have shown that
limiting the frequency of high-speed throwing does have some protective effect
against these overuse injuries (6, 47, 50, 55, 58, 59). Furthermore, it has been shown
that the amount of passive external rotation at the shoulder during the arm-cocking
phase (when elastic energy is stored) is correlated with injury (37, 38). This result
suggests that using mildly restrictive garments (such as a compression shirt) would
have some protective effect against over-rotation injuries. However, it should be

cautioned that because the same factors that enhance throwing performance also
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increase the risk of injury, completely preventing these injuries is probably

impossible.
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Chapter 5 - Throwing and the Evolution of the Hominin Forelimb

5.1  Chapter Summary

High-speed, accurate throwing is a uniquely human behavior that is universal
across all cultures. The ability to produce high-speed throws was likely important in
the past, but when high-speed throwing ability evolved is unknown. Archaeological
data addressing this question remain incomplete as the earliest projectiles, untipped
spears and stones, are rarely preserved or identified. An alternative approach to
testing when and how throwing evolved is to integrate comparative anatomy of
apes and humans, biomechanical models of throwing, and experiments that test
predicted relationships between anatomical variation among humans and throwing
performance. When applied to the hominin fossil record, these insights on the
functional morphology of throwing suggest that high-speed throwing first appears
in Homo erectus. This enhanced throwing ability results from the accumulation of
exapted morphological changes in the hominin torso and forelimb as well as a novel,
adaptive shift in the position of the shoulder. High-speed throwing by Homo erectus
was likely a vital component of a flexible early hunting/scavenging strategy that

radically altered hominin diet, morphology, and life history.
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5.2 Introduction

In his 1871 book, The Descent of Man and Selection in Relation to Sex, Darwin
noted that, “To throw a stone with as true an aim as a Fuegian in defending himself,
or in killing birds, requires the most consummate perfection in the correlated action
of the muscles of the hand, arm, and shoulder, and further, a fine sense of touch” (1).
Darwin’s observation, made over 100 years ago, highlights both humans’ unique
ability to throw objects with speed and accuracy and the mechanical complexity of
the throwing motion. Since Darwin, throwing has played a major role in our thinking
about the course of human evolution. Humans’ unique ability to throw probably had
significant effects on the evolution of hunting, which represents a major transition
in the hominin diet (2-5). The ability to throw projectiles such as sticks, stones, or
crude spears with accuracy and force almost surely helped hominins to kill or
disable prey (6, 7) or drive off other predators from their own Kkills (8, 9). However,
other adaptive arguments have been proposed for the evolution of throwing. Fifer
(10) postulates that the use of high-performance throws very early in hominin
evolution was an important defensive strategy for driving off dangerous terrestrial
predators, allowing early hominins to traverse more open habitats safely. He further
suggests that morphological modifications in the upper body to improve throwing
performance eventually made quadrupedalism less effective and drove the adoption
of habitual bipedalism. Carrier (11) has also proposed that advantages in generated
force from a bipedal versus quadrupedal posture during intraspecific aggression
bouts, involving striking and throwing behavior, may have favored early bipedal

posture. Other researchers have suggested that although high-speed throwing may
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have evolved in the context of hunting/scavenging, the more important adaptive
context was social competition (9, 12, 13). The ability to throw well could be a low
risk way of punishing non-cooperators (9, 12) or serve to equalize body size
differences by emphasizing skill over strength (13, 14), fostering social cooperation
and improving group bonds. Bingham (9, 15, 16) further suggests that human’s
unique throwing ability and the role this ability plays in the evolution of cooperation
had significant effects well into recent human history. The complexity and rapidity
of the throwing motion are also thought to be very neurologically demanding and
some authors have suggested this complexity created strong selection pressures for
a larger brain and contributed to cognitive advances such as language ability long

assumed to be linked to increased brain size (13, 17-19).

Despite the likely adaptive importance of high-speed, accurate throwing in
our evolutionary past, we actually know very little about the evolution of this
behavior. We not only do not know when high performance throwing arose, but we
also do now know what morphological features evolved to improve throwing
performance, and whether these features were adaptations for throwing or for
other derived behaviors.. The inability to recognize and date the origins of this
important behavior limits our capacity to evaluate hypotheses regarding why
throwing evolved and what selective pressures drove its emergence. The most
direct evidence for the antiquity of throwing comes from the presence of projectiles
in the archaeological record. However, lithic projectile points appear only recently
in hominin evolution (20, 21) and preservational and identification biases make the

recovery of early projectiles such as untipped wooden spears, stones, and throwing

97



sticks sporadic and uninformative. In the absence of useful data from the
archaeological record, more indirect evidence of throwing behavior must be gleaned
from functional morphological analyses of hominin fossils. However, analyses of the
skeletal signatures of throwing behavior are necessarily correlational and often
their effects on throwing performance have been based on untested models (10, 22).
Furthermore, many of these functional studies focus primarily on differences
between more recent taxa (especially H. neanderthalensis versus H. sapiens) and are

unable to address the antiquity of throwing behavior in hominin evolution.

The approach I adopt here is to evaluate what is currently known about
throwing behavior and mechanics in a comparative context. Comparing differences
in throwing behavior and anatomy in humans and non-human primates provides a
starting point for examining how shifts in morphology during hominin evolution
affect throwing performance. Biomechanical data on how humans generate high-
speed throws are used to further refine these hypotheses by linking morphological
shifts to actual measures of throwing performance. Because of interest in the fossil
record, I specifically focus on morphological shifts evident in the skeleton that most
significantly affect throwing performance and evaluate their occurrence in the
hominin fossil record. The timing of these shifts provides insight into why high-
speed throwing evolved and what role this behavior may have played in the

evolution of our genus.

98



5.3 Who throws?

A good place to begin considering the evolution of human’s unique ability to
throw projectiles at high-speeds is to examine the comparative evidence for
throwing among non-human animals and within livings humans. Although we tend
to think of throwing as a distinctively human behavior, there are many accounts of
animals using projectiles for defense (23, 24), prey capture (25, 26), play (27), and
even to maintain hygiene (28). However, aimed throwing of solid projectiles, in
which an object such as a stick or stone is directed along an elevated trajectory
towards another object or individual, is far less common. With the single exception
of lone African elephant using her trunk to hurl large branches at a nearby
rhinoceros (29), only primates have been observed to produce aimed throws (30-
40). In addition, throwing behavior among non-human primates is actually quite
rare. Even the most prolific non-human throwers, the common chimpanzee (Pan

troglodytes), throw very infrequently.

Despite the infrequency of chimpanzee throwing, this behavior among
chimpanzees is important to consider because chimps still throw more frequently
than other non-human primates and because they are humans’ closest relatives (41-
44). Furthermore, the last common ancestor (LCA) of chimpanzees and humans
must have been chimpanzee-like in some respects (45). Chimpanzees of both sexes
and all ages have been observed to throw objects both overhand (bipedally) and
underhand (tripedally) (33, 34, 36, 37, 46). Bipedal throws are typically performed

with an overhand, windmill-type motion (Figure 5.1), in which the throwing arm is
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Figure 5.1. Juvenile male chimpanzee throwing a rock overhand, bipedally (from
(33)). Note the high arm abduction angle, extended elbow, and stride with the
throwing side leg.

abducted 135° or more and the elbow is close to fully extended. During these
overhand throws, a chimpanzee will take a step in the direction of the target with
the throwing side leg, which is followed by flexion at the hips and shoulder prior to
release of the projectile. Tripedal throws are typically accomplished using a
sidearm-type motion that sweeps the projectile under the quadrupedally positioned

torso by internally rotating and adducting the humerus and flexing the elbow.

100



Researchers have qualitatively noted that although chimpanzee throws are
generally fairly accurate in terms of direction, they tend to lack power and often fall
short of their intended targets (33, 34, 37). Preliminary quantitative data on the
throwing performance of two juvenile male chimpanzees, 3 and 9 years old, that had
been trained to throw baseballs overhand bipedally support these assessments. The
throws of both individuals averaged only 6+1 m/s over 17/18 throws, and were
generally within a meter of the target. Given the impressive strength of chimpanzee
upper bodies (47-49), this lack of throwing power raises the hypothesis that their
poor performance is more than just a lack of familiarity or training, but rather

results from morphological limitations that limit power production during throwing

(50).

The context and frequency of chimpanzee throwing behavior are known to
vary by sex and age. Although there are no known sex differences in throwing
performance, adult male chimps throw three times more frequently than females,
and juvenile males throw at least eight times more frequently than their adult
counterparts (33). Furthermore, adult male chimps direct most of their throws at
conspecifics during aggressive displays, while female chimpanzees direct most of
their throws towards interspecifics (such as baboons) in competition for resources

(33). Juveniles show no such targeting preferences.

Compared to other animals, including apes, humans are remarkably good
throwers capable of throwing with both great accuracy and high velocity. Humans

throw using a variety of kinematic styles including underhand tosses, sidearm
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throws, windwill or cricket style throws, dart-throwing or wrist-flick motions, and
overhand throws. The fastest throws humans generate are produced using the

overhand style. Elite male professional baseball players routinely throw 44m/s or
faster during competition. Although such speeds represent the pinnacle of human
throwing performance, even the average maximum throwing speed in 12-year old

little league athletes (23+2 m/s)(51) far exceeds what chimpanzees can do.

The human overhand throwing motion also differs kinematically from the
chimpanzee overhand throw (52, 53). In humans, the throwing motion begins with a
windup phase, in which the throwing side torso and pelvis are rotated away from
the target. The windup is followed by a large stride in the goal direction with the
contralateral leg (Figure 5.2). As the striding leg contacts the ground, the pelvis and
torso begin to rapidly rotate towards the target in quick succession. At the same
time, the arm is “cocked,” defined as when the shoulder is abducted approximately
90°, fully horizontally extended, and externally rotated and the elbow flexed
approximately 90°. As the humerus reaches its maximum external rotation, the arm-
cocking phase ends and is following by a brief acceleration phase, lasting
approximately 30-35ms for a 25m/s throw (54). During this acceleration phase, the
humerus internally rotates very rapidly, reaching angular velocities of up to 9000°/s
(53). This rotation is the fastest motion the human body produces. At the same time,
the shoulder horizontally flexes, the elbow rapidly extends, and the wrist flexes as

the projectile is released by decreasing digital flexor force in the hand.
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Figure 5.2. The arm cocking and acceleration phases of the human throwing motion.
Arm-cocking begins with the contralateral foot touching the ground at the end of a
large stride in the target direction. During the cocking phase that follows, the
humerus externally rotates until it reaches maximum external rotation. Cocking is
followed by a very brief acceleration phase in which the humerus rapidly internally
rotates, the elbow extends and the wrist is flexed. Acceleration ends with the release
of the projectile.

Although all humans are capable of throwing well compared to other species,
there is much variation in human throwing ability, especially between the sexes.
Men typically throw with higher average velocity than do comparably aged women
(55-58). Additionally, heterosexual men have also been shown to throw with higher
average speed and accuracy than homosexual men (59). That sex differences in
throwing performance appear well before hormonal changes during puberty (as

early as 3 years of age (60-62)) and seem to be weaker in non-Western children
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(63) strongly suggest that environmental and social factors are critical in the
development of these differences. Although most throws performed by both men
and women today are in the context of sports and recreation, these sex differences
likely mirror the historical context of differences in throwing behaviors. There are
numerous ethnographic reports of men and boys throwing in the context of hunting
(64-71), warfare (72-79), ritualized aggression (80-82), enforcement of social
norms (81, 83-85), driving off predators and nuisance animals (86-88), and sports
(76, 89, 90). Ethnographic reports of women throwing in any context are rare or

absent suggesting a long-standing sex bias in this behavior.

Such differences in gender roles, and the sexual division of labor with which
they are associated, have been at the foundation of early theoretical studies
addressing the origins of human hunting (2, 91). Given the important role throwing
may have played in early hunting behavior (2, 6), it is not unreasonable to infer that
the gender differences in throwing behavior and performance are ancient and may
represent a strategy for mitigating failure risks by hunters (92). However, it is
important to note that although men are typically responsible for more hunting
activity than women, women do also hunt in some societies (93). Furthermore,
gender differences in throwing behavior may be a relatively recent behavioral

innovation designed to increase group hunting/foraging efficiency (94).

5.4 How do we throw?

How humans power high-velocity throws has been the subject of

considerable research (50, 54, 95-105). Electromyography (EMG) studies
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consistently reveal that during throwing a rapid sequential activation of muscles
occurs, starting in the distal segments (legs and hips) and proceeding to the
proximal segments (forearm and hand) (98). The torques which these muscular
contractions generate produce angular motions around many joint axes throughout
the body. Analyses of the angular velocity contributions of all upper body joint
motions to projectile speed show that the largest contributors at the moment of
release are internal rotation of the humerus, elbow extension, torso rotation, and
wrist flexion (Figure 5.3) (99). However, there are reasons to believe that these
rapid motions are not all powered solely by contractions of the muscles crossing
each joint. For example, despite humeral internal rotation during the acceleration
phase of the throw being the fastest motion the human body produces, EMG studies
of contractile intensity in the shoulder internal rotator muscles show very high
variability across the internal rotators (106, 107), and modeling of these muscles
power generation capabilities indicates that they cannot provide all of the power
actually generated (Chapter 3). Furthermore, one report of an individual with a
paralyzed Triceps muscle shows that this athlete could still achieve more than 80%
of his pre-injury throwing velocity. We can therefore conclude that muscles of the
shoulder alone cannot account for all of the joint power necessary to achieve these

high angular velocities (108).

There are two complementary factors that may help amplify muscular power
contributions, allowing humans to produce very large amounts of joint power
during throwing. The first is the transfer of power between body segments or a

“kinetic chain”. An illustrative example of this principle is the use of nunchucks,
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Figure 5.3. The four critical upper body motions for generating high speed throws
are: A. torso rotation; B. shoulder rotation; C. elbow flexion/extension; D. wrist
flexion/extension.

where a muscular force is applied to one end of the nunchucks, generating
centrifugal forces that are transferred to the opposite side via a chain connection,
resulting in rapid movement of the opposite end. Biomechanical analyses
investigating how power is generated at each joint and the contributions of adjacent
body segments to this power generation show that both elbow extension and wrist
flexion during the acceleration phase are primarily driven by passive forces

generated in more proximal segments (50, 54, 100, 101, 104). These studies
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highlight the importance of the transfer of kinetic power between adjacent
segments, or the kinetic chain, which has long been thought to be an important

component of throwing performance (105, 109).

Chapters 2 and 3 suggest another source of power enhancement at the
shoulder: the storage and release of elastic energy. Elastic energy is stored when
two opposing forces are separated by a stretchy, elastic material that lengthens and
absorbs some of the energy of both forces. For example, elastic energy is stored
when one hand pulls the pouch of a slingshot back, while the other hand holds the
handle, resisting the pull of the rubber bands. When one of the two opposing forces
drops (ie. the slingshot pouch is released), the stretched elastic material will recoil,
rapidly releasing it stored energy. This thesis proposes that a such a mechanism is
employed at the shoulder during the human overhand throwing motion (50, 54). By
positioning the arm and forearm during the arm-cocking phase, the forelimb’s
moment of inertia is increased (Figure 5.4). Thus, when the torso rotation motion
accelerates and the largest shoulder horizontal flexor (P. major) is activated, this
large rotation force is resisted by the inertial forces from the forelimb. These inertial
forces cause the forelimb to externally rotate passively, stretching the elastic
elements (ligaments, tendons, elastic components of muscle) that cross the shoulder,
storing elastic energy. Only when the Biceps are briefly deactivated at the beginning
of the acceleration phase (98), does the elbow begin to extend, reducing the
forelimb’s moment of inertia and allowing the elastic elements to recoil and release
their stored energy. Chapter 2 shows that during arm-cocking a large amount of

negative work (or energy absorption) occurs at the shoulder (50, 54). We infer that

107



Figure 5.4. Free-body diagram of the throwing arm during cocking. During the
cocking phase, the arm is abducted (61) nearly 90° at the shoulder, positioning the
mass of the arm, forearm, hand, and projectile away from the rotational axis of the
torso. By flexing the elbow (02) slightly less than 90°, the moment of inertia (My) is
maximized around the long axis of the humerus. As torso rotation accelerates and
the Pectoralis major contracts (increasing tin) the forelimb’s large moment of inertia
cause it to lag behind the accelerating torso, passively externally rotating the
humerus, and stretching the elastic elements crossing the shoulder.

this energy is recovered elastically because the internal rotation power production
at the shoulder during the following acceleration phase far exceeds the capacity of
the shoulder internal rotator muscles to produce such a rapid motion. Elastic energy
storage (EES) has been shown in humans previously (110-112). However, these
instances of elastic energy usage are typically associated with locomotion and often
serve to increase energetic efficiency. Although reported instances of elastic energy
usage for power amplification in humans are rare (111, 113, 114), such usage is well

documented in other taxa (115-117).
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If correct, the EES model for throwing helps explain how humans can
produce so much power at the shoulder, but exactly where this elastic energy is
stored is not currently known. The clinical literature suggests that energy storage
most likely occurs in the muscles, tendons, and ligaments that cross the anterior
surface of the shoulder. Repetitive injury data from throwing athletes show an
increased prevalence of shoulder instability and stretching related tears and laxity
in the glenohumeral ligaments and at the origin of the biceps tendon on the superior
glenoid labrum (103, 118, 119). Such stretching related injuries to elastic tissues
suggest (but do not prove) that they could store elastic energy. Furthermore,
remodeling of the glenohumeral ligaments in those suffering from shoulder
instability show higher amounts of elastin present in these ligaments and an
increase in the number of large diameter collagen fibrils (120), effectively making
these ligaments more tendon-like. Although these elastic structures are not typical
of those used by many animals to store elastic energy to increase locomotor
efficiency (121, 122), their short length and large aggregate cross sectional area
make the shoulder ligaments and muscle tendons ideal for returning elastic energy
very rapidly. It should be noted, however, that studies of the inferior glenohumeral
ligament show lower stress at failure (~5-9 MPa) than other elastic structures such
as the Achilles tendon (123, 124). These low failure stresses may help to explain
why, with repetitive stretching, these structures are so frequently injured in
throwing athletes. Although more research is needed to determine exactly which

structures store and release elastic energy in the shoulder, it is nonetheless clear
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that elastic energy storage and release is an important source of power

amplification in human throwing.

In short, the use of a kinetic chain to transfer power between segments
combined with active muscle contraction and elastic energy storage and recoil at the
shoulder to amplify that power enables humans to consistently produce an
extremely rapid, whip-like throwing motion. This overhand throwing motion can
both affect and be affected by underlying soft tissue and skeletal anatomy. For
example, morphological variations that effect range of motion (ROM) at critical
joints could reduce throwing performance. Similarly, high muscular forces
generated during the throwing motion can lead to identifiable damage or
remodeling of muscle attachment sites on bone. Therefore, variations in these
morphological features evident in both humans and in the hominin fossil record can
be used to test hypotheses regarding how throwing performance changed over time

and when high-speed throwing first arose.

5.5  Who threw first?

Two types of evidence exist that can shed light on when hominins first began
to throw with high-speed and accuracy: First, the presence of projectiles in the
archaeological record, and second, morphological signatures of throwing capacity or

usage. Both lines of evidence are addressed here.

Archaeological evidence - The archaeological evidence for the presence or use
of projectiles is the most direct way to address the antiquity of high-speed throwing

behavior. However, the earliest appearance of projectile points in the archaeological
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record is a subject of ongoing debate (20, 21). Levallois points first appear in east
Africa at the beginning of the Middle Stone Age at approximately 275 ka (21, 125).
These points were likely hafted (21, 126) and some may have been used as
projectiles (21). Other researchers have suggested that early Levallois points were
not used for throwing but instead for thrusting and cutting and that the earliest
lithic tipped projectiles may have been significantly more recent (~90-45 ka) (20,
127, 128). Aside from hafted spear/dart points, there have been claims that older,
Early Stone Age lithic tools such as handaxes (129), spheroids (130), and manuports
(131) may have also been used as projectiles, although such hypotheses are difficult
to assess and have not been supported by experiments (132, 133). It is also possible
and in fact likely that the earliest projectiles that were be thrown with considerable
force were minimally modified stones, sticks, or untipped wooden spears which
could be difficult to identify or fail to preserve in the archaeological record. The only
archaeological evidence of such projectiles are three, 400 ka asymmetrically
weighted spears from Schoningen, Germany which have been interpreted as
throwing spears (134). However, the size of these spears and the range over which
could have been thrown have been used to call into question their use as thrown

projectiles (20, 135).

Other corollary evidence of throwing behavior from the archaeological
record comes from signs of projectile damage in faunal remains. Although evidence
for damage from projectiles is common in recent assemblages (136-138), very few
bones with hunting lesions exists for the Middle Stone Age/Middle Paleolithic or

earlier. A single equid scapula from the site of Boxgrove in the United Kingdom,
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dated to ~500 ka, shows a rounded lesion that has been interpreted as an projectile
impact wound from an untipped spear (139). The only other known hunting lesion
of any antiquity is an imbedded, partial Levallois point in an equid cervical
vertebrae from the site of Um el Tlel in Syria (dated to >50 ka), which has also been
cautiously suggested as a possible projectile lesion (140). Although these limited
and controversial specimens are intriguing, they do not provide a clear record for

thrown projectiles.

In short, while throwing projectiles probably predates 45ka, the
archaeological record does not provide enough information to evaluate how often
high-speed throws were produced, nor the context in which such throws occurred.
In this light, examination of functional morphological signatures of throwing
behavior in hominin fossils remains the only avenue for addressing the antiquity of

high-speed throwing.

Fossil evidence - Although interpreting the archaeological record for throwing
is straightforward, evaluating morphological evidence of this behavior is less clear
and bears further explanation. Two approaches can be used to identify signatures of
throwing capacity or behavior in skeletal material. The first approach relies on
identifying derived morphological features in humans and hominins that enable
high-speed, accurate throwing. Such features should have important and testable
performance effects on the throwing motion. Further, determining whether a given
feature is an adaptation or exaptation for high-speed throwing requires knowing

when the feature arose, its role in other mechanical actions, and whether the feature
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leads to trade-offs in the performance of other tasks, such as climbing or stone tool
manufacture/usage, exist. The second approach involves the identification of
osseous markers of throwing usage in the form of skeletal modifications or damage
from forces generated during the throwing action. For such epigenetic markers to
be useful, they must be both consistently present in modern human throwers and

unambiguously related to throwing behavior.

Here, I review both types of morphological data for the upper body and
evaluate how useful these data are for addressing the evolution of high-speed
throwing. For clarity, I discuss throwing mechanics and functional hypotheses
regarding each major segment of the upper body separately. I then review the fossil

evidence for each segment for morphological indications of high-speed throwing.

The torso

Mechanics - The torso is highly mobile during the human overhand throwing
motion (52, 53). During the windup, the torso rotates the throwing arm away from
the target. This rotation is followed by lateral flexion towards the throwing side as
the contralateral leg strides forward. During the following arm-cocking phase, the
torso begins to rotate the throwing side arm rapidly towards the target while also
laterally extending to its neutral, upright posture. The rapid rotation of the torso
during this phase peaks in the last quarter of the cocking phase and can exceed
1000°/s (54, 100, 102, 141). The angular velocity of torso rotation drops during the
late cocking phase and through the brief acceleration phase. Even so, an analysis of

the angular velocity contributions of each upper body joint motion to projectile
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velocity shows that this reduced torso rotation velocity is still the 3rd largest

contributor to projectile speed at release (99).

Chapter 4 hypothesizes that this rapid, rotational acceleration of the torso is
critical for loading an elastic energy storage mechanism at the shoulder. We suggest
that by positioning the mass of the forelimb away from the rotational axis of the
torso, the inertial mass of the forelimb is increased, causing the throwing side
forelimb to lag behind the accelerating torso. The lagging forelimb thus stretches the
ligaments, muscles, and tendons crossing the shoulder and stores some of the
energy generated by the torso in these elastic elements. Only when the torso begins
to decelerate at the end of the cocking phase and the elbow begins to extend does
the inertial mass of the forelimb drop, and elastic energy is recovered. When we
tested the effect of torso rotation on the proposed mechanism by restricting ROM
using a therapeutic back brace, we found that complete restriction of intervertebral
rotation caused a greater than 5% drop in negative work at the shoulder during the
cocking phase (a proxy for elastic energy storage) (54). This resulted in an
equivalent reduction in projectile speed, which we interpreted as support for the

role of torso rotation in powering elastic energy storage at the shoulder.

[t is worth noting that the mechanics of torso rotation and pelvic rotation
during throwing are not entirely independent. Previous studies have noted that the
initiation of pelvic rotation at the hips immediately precedes the initiation of torso
rotation (52, 53, 95). However, variation in pelvic rotation onset does not affect

maximum torso rotation angular velocity achieved nor projectile speed (141).
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Chapter 4 also showed that even when intervertebral torso rotation ROM was
completely removed using a back brace, that torso rotation angular velocity
remained unchanged (54). This finding suggests that the rapid torso rotation motion
is primarily powered by the hip rotator muscles and not the intrinsic spinal rotators.
Given the important role that these lower body, hip rotator muscles play in
generating angular velocity in the upper body, it is worth discussing their

morphology as well.

Functional anatomy - Although most evolutionary studies of throwing focus
on morphological shifts in the shoulder and forelimb, Fifer (10) has suggested an
important role for the torso. Fifer proposes that humans’ tall, mobile waists are
inefficient during bipedal locomotion and are therefore best explained by the role of
torso rotation in the throwing motion. Although there are numerous studies that
dispute Fifer’s assertion that torso rotation was detrimental to locomotor efficiency
(142-144), assessing the importance of the human waist during throwing bears
further consideration. The expansion of the human waist results from a shift in the
positional identity of the last thoracic/first lumbar vertebrae (Pan T13 becomes
Humans L1, increasing lumbar number from 4 (Pan) to 5 (Homo))(145), an increase
in lumbar centrum size(142, 146), and shift in the orientation of pelvic ilia (from a
coronal orientation that entrapped the lower lumbar vertebrae (Pan) to a para-
sagittal orientation (Homo))(144, 147). However, this expanded lumbar region
probably had little effect on torso rotation ROM as very little axial rotation occurs in

this region(148). It is more likely that a narrowing of the pelvis and inferior rib cage
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(142) and the reduction in size of the thoracolumbar fascia are responsible for the

increased rotational ROM.

Torso restriction data confirm that increased torso rotational mobility does
significantly increase throwing performance (54). By limiting torso rotation ROM,
Chapter 4 showed significant reductions in projectile speed and in kinetic
performances measures in the forelimb. Such data support the hypothesis that
morphological shifts that increase torso rotation ROM would benefit throwing
performance. There is good evidence for the expansion of the lumbar region of the
spine in the hominin fossil record dating back to the australopiths (A. africanus - Stw
H8/H41, Sts 14, Stw 431; A. afarensis - AL 288-1; A./P. robustus - Skw 14002) (143,
146), however, evidence for the potentially more important narrowing of the waist
does not appear until the emergence of Homo (142, 149). Although many adaptive
explanations for these modifications to the lower back do not include throwing (142,

144, 150), these morphological changes would clearly affect throwing performance.

The Gluteus maximus, especially its cranial portions are expanded in the
modern humans, probably as an adaptation for trunk stabilization during running
(142, 151, 152). Fifer also suggested that humans’ expanded Gluteus maximus would
have been very useful in generating power at the hips during the throwing motion
(10). The cranial portion of the G. maximus (which externally rotates and extends
the hip) is significantly expanded in humans relative to chimpanzees (151, 153).
Electromyography on the human G. maximus during throwing shows that this

muscle is highly active and that the activation intensity in the throwing side Gluteus
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is positively correlated with pelvic rotation velocity (154, 155). Chapter 4 has
further suggested that the pelvic rotator muscles at the hips (such as the G.
maximus) are primarily responsible for powering the rapid rotation of the torso
(54). Such data provide strong, albeit indirect support for modifications to the G.
maximus having significant effects on throwing performance. Fossil evidence of
expanded gluteal muscles is thought to be definitively present in H. erectus pelvic
fossils (KNM WT 15000, KNM ER 3228, BSN49/P27), which have very human-like
pelves (142, 151, 156-158). However, it has been suggested that expanded gluteals
were also present in Australopithecus (AL 288-1, Sts 14, MH1, MH2) (144, 159, 160),

although this remains the subject of ongoing debate (151, 161).

The shoulder

Mechanics - Shoulder mechanics during the throwing motion are complex,
involving both small movements of the scapula and larger actions at the
glenohumeral joint. Patterned motion at the shoulder begins at the end of the stride
phase, when the humerus is abducted approximately 90° (52, 53) and the scapula
has already been rotated slightly upward (cranially) (162). As the arm-cocking
phase begins, the humerus is horizontally extended fully and externally rotated to
its passive ROM maxima. During the arm-cocking phase the scapula slightly retracts,
externally rotates approximately 20°, cranially rotates ~30°, and posteriorly tilts
~10°, with each motion reaching its maxima with the maximum external rotation of
the humerus (162). In the brief acceleration phase that follows, the humerus is

horizontally flexed and rapidly internally rotated, reaching angular velocities of up
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to 9000°/s (53). During acceleration, the scapula internally rotates ~10° and tilts
anteriorly ~5° (162). Larger scapular movements (major protraction, caudal
rotation, anterior tilt) occur during the deceleration and follow-through phases after

projectile release.

Analysis of angular velocity contributions to projectile speed show that
internal rotation of the humerus is the single largest contributor, accounting for 25-
45% of projectile linear velocity at release (99). The power generated around this
rotational joint axis during acceleration is very high and exceeds even generous
estimates of muscle power production capacity (50). Chapter 3 and 4 hypothesized
that this power discrepancy is evidence of power amplification at the shoulder via
elastically stored energy (50). [ propose that evolutionary shifts that enable
increased torso rotational mobility and the “relaxation”, or caudal rotation, of the
shoulder complex allow humans to take advantage of large torques generated
around the spinal axis of the body. By positioning the mass of the forelimb away
from this rotational axis, passive motion at the shoulder, caused by the forelimb’s
inertial lag, can stretch the elastic ligaments, tendons, and muscles crossing the
shoulder and store elastic energy. The implications of this hypothesis are that some
of the derived features of the shoulder are likely adaptations for EES. Most
importantly, the relaxation of the shoulder complex would result in two critical
changes. First, such a reorganization of the shoulder would reorient the major line
of action of the Pectoralis major muscle, enabling action by this muscle to contribute

to elastic energy storage (54). Secondly, this shoulder relaxation would prevent a
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significant performance tradeoff between internal rotation of the humerus and

extension of the elbow, the two largest contributors to projectile velocity.

To experimentally test this hypothesis, chapter 4 used braces to alter the
Pectoralis major’s line of action in throwers. These experiments showed significant
performance reductions in projectile speed and shoulder rotational power (54).
Consequently, it seems likely that the P. major powers the rapid internal rotation of
the humerus both actively through it own muscular action and passively by helping
to load the elastic elements crossing the shoulder. Interestingly, while the P. major’s
large horizontal flexion torque at the shoulder helps to load the elastic storage
mechanism, horizontal flexion of the shoulder does not contribute to the upper
limb’s angular velocity at release (99). Further experimental data limiting the
external rotational ROM at the shoulder also showed reductions in ball speed and
shoulder rotational power (50, 54). The data suggest anatomical modifications at
the shoulder that would alter rotation ROM, for example changes in humeral torsion,

would likely have significant performance effects during throwing.

Scapula - Chapter 4 proposes that a laterally oriented glenoid fossa,
indicative of a relaxed, caudally rotated scapula would enable effective use of an
elastic storage mechanism at the shoulder. Brace restriction data confirm that
scapular orientation affects throwing performance (54). The most informative
scapular measure, vertebral-glenoid angle, shows that chimpanzees have
significantly more cranially oriented glenoid fossa (P. troglodytes - 32.6°) than

humans (H. sapiens - 3.4°)(163). However, measuring this angle in fossil scapulae is
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often impossible as the thin scapular body typically does not preserve. The bar-
glenoid and axillo-glenoid angles have been used as better-preserved proxy
measures for glenoid orientation in fossil taxa and show a moderately cranially
oriented glenoid in the Australopithecines (A. afarensis - AL 288-11, KSD-VP-1/1g,
DIK-1-1; A. africanus - Sts 7; A. sediba - MH 2) (143, 164-168) and more caudally
directed, human-like glenoid angle in Homo (H. erectus - KNM WT 15000; H.
floresiensis - LB 6/4; H. heidelbergensis - AT-320, AT-801; H. neanderthalensis - see
(169) ) (164, 169-171). Interestingly, a fragmentary H. erectus scapula from Dmanisi
(D4166) appears to show a more cranially oriented glenoid, although no angular
measures have been published yet (172). These data, with the potential exception of
Dmanisi, suggest a more human-like scapula is first consistently present in H.
erectus indicating a shift in shoulder girdle morphology from a “shrugged” cranially
oriented posture to a more “relaxed” laterally oriented shoulder. As the shoulder
orientation brace restriction data indicate, such a shift likely had significant effects
on throwing performance. It is worth noting, however, that Larson (164) proposes
an alternate reconstruction of shoulder position in H. erectus based on clavicular

length (discussed below).

One potentially important signature of throwing may be the shape of the
glenoid fossa, which Churchill and Rhodes (22) have suggested may be an
adaptation for withstanding high forces generated at the shoulder during throwing.
They note that both anterior/posterior as well as compressive forces at the
glenohumeral joint are quite high (102, 103, 119) during throwing and that an

expanded glenoid may help to distribute these forces and prevent injury. Using
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index measurements of glenoid breadth/height, they further suggest that significant
differences between Neandertals (lower indices) and modern humans (higher
indices) may be evidence that Neandertals did not habitually throw. An expansion of
this hypothesis to look at earlier fossil hominins finds low glenoid indices in all non-
human taxa (22, 171, 173), suggesting that if Churchill and Rhodes are correct about
the relationship between glenoid index and throwing, that habitual throwing is
relatively recent. However, it is worth noting that although the shallow glenoid will
experience large compressive forces during the throwing motion, its flat shape
precludes any significant application of force in the anterior/posterior plane. These
forces are instead borne by the soft tissues surrounding the joint. Further, although
expanded glenoid fossae would be useful in distributing large compressional forces,
Neandertals actually have absolutely larger glenoid surfaces than do modern
humans (171, 173). What drives the increased glenoid index in humans is thus a
reduction in glenoid height compared to Neandertals and not an expansion in

breadth.

Another potential osteological indicator of habitual throwing suggested by
Knusel (174) is the pronounced dorsally oriented sulcus on the axillary border of
the Neandertal scapula (169, 175, 176). This sulcus, or groove in the bone, is present
at the attachment site of individuals with enlarged Teres minor muscles (177, 178).
However, given T. minor is a lateral rotator of the shoulder, its role in producing
high-speed throws is unclear. It is possible that such an expanded T. minor is
important in decelerating the humerus after projectile release. Such sulci have been

noted to occur in high frequency in H. heidelbergensis (171), H. neanderthalensis
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(175, 177), and moderate frequency in Upper Paleolithic H. sapiens (177). However,
the absence/low prevalence of pronounced sulci in modern humans (177) suggest

this trait is more a marker of upper body robusticity than throwing behavior.

Clavicle - Morphological variation in clavicle length has been proposed to
have significant effects on shoulder position and throwing ability. Larson (164) has
proposed that despite a “relaxation” or more caudal orientation of the scapula in H.
erectus, that the presence of a short clavicle has resulted in an a novel, intermediate
morphology in which the glenoid is very anteriorly oriented. According to her model,
this anterior glenoid orientation would result in a detrimental shift to the rotational
ROM at the shoulder and thus reduced throwing ability. This hypothesis is based on
a low claviculohumeral ratio (clavicle length/humeral length *100) calculated for
the reconstructed KNM WT 15000 skeleton (40.9) (164, 179). However, although
the claviculohumeral value for KNM WT 15000 is low for humans, it does fall within
the measured range of variation for modern East Africans (164), in whom no deficit
in throwing ability has been reported. Furthermore, estimates of claviculohumeral
ratios from the contemporaneous, reconstructed Dmanisi fossils fall squarely within
the human range (Adult male - 46.5L, 46R; juvenile — 43.7) (172). Although the
accuracy of the reconstructed Dmanisi values is unknown (no length estimation
methods are reported), these values call into question this intermediate morphology.
Further, a number of complete/nearly complete Homo clavicles that do not have
associated postcrania for size standardization have long absolute lengths that fall
within the human range (H. habilis - OH 48; H. antecessor - ATD6-50; H.

neanderthalensis - see (180), also long relative lengths) (180-182). The H.
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floresiensis (LB1) clavicles are an exception, with very low claviculohumeral ratios
(164, 170). However, whether the claviculohumeral ratio of this species provides
support for an anteriorly positioned shoulder (164) is complicated by unusual limb

scaling associated with dwarfing that may result in a relatively longer humerus (183,

184).

A related issue to consider is whether humeral length is a useful scalar for
clavicle length when trying to reconstruct the position of the scapula. Jungers has
shown that humeral length scales isometrically with body mass among
primates(185), but it is not clear that a body mass correction is necessarily
appropriate for reconstructing shoulder position. It is thought that size and shape
changes in both the clavicle and the superior portion of the rib cage affect scapular
position (50, 164, 186). However, size and shape changes in the upper torso are
likely only partially explained by changes in body mass. Accordingly, mass
independent changes in the superior torso will affect shoulder position, but not the
claviclohumeral ratio. For example, chimpanzees have low claviculohumeral ratios
(164) and yet their scapulae are dorsally positioned due to their small superior rib
cage volume. For this reason, it remains to be seen whether claviculohumeral ratio
alone can be used to reconstruct shoulder position. In the fossil record, there is
evidence for an expansion of the superior rib cage in H. erectus (142, 149) which has
been suggested to predate Homo (163). In addition to affecting shoulder position,
this lateral broadening of the superior rib cage in Homo will result in increased

linear velocity of the shoulder and thus projectile speed.
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Humerus - Many arguments about the evolution of throwing have focused on
the humerus, especially humeral torsion, defined as the highly variable angle
between the orientation of the humeral head and the distal condyle in the elbow
(Figure 5.5). Humeral torsion has been shown to be 10-20° lower in the throwing
arm of pain-free athletes than both their own non-preferred arms and the arms of
non-throwing controls (187-190). Studies have shown that this reduced throwing
arm torsion is significantly correlated with an increased external rotational ROM at
the shoulder (188-192). Chapter 2 also found that individuals with lower throwing
arm torsion achieved higher maximum throwing speeds (50). They suggest that this
performance enhancement occurs because reduced torsion both increases the
amount of elastic energy storage at the shoulder and allows for more internal

rotation acceleration prior to projectile release.

Applying these performance data to the fossil record is complex because
multiple factors affect humeral torsion. Chimpanzees have human-like levels of
humeral torsion (164, 193), likely resulting from the need to position the hands
near the midline of the body during quadrupedal locomotion. However, both
australopiths (4. afarensis - AL 288-1r; A. africanus - Sts 7; A. sp. indet. - Omo 119-
73-2718; A./P. boisei - KNM ER 739; A. sediba - MH1, MH2)(164, 168, 193) and early
Homo (H. erectus - KNM WT 15000, D4507)(164, 172, 194) show moderately low to
very low torsion respectively, consistent with the moderately low torsion seen in
throwing athletes dominant arms (50, 187). Low torsion in earlier hominins is
thought to represent a relaxation of functional demands on the humerus at this

point during human evolution (164). However, since such low torsion provides a
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(Modified after Hernigou et al. 2002)

Figure 5.5. Humeral torsion (blue) is measured as the angle between the
orientation of the humeral head and the distal condyle of the humerus. In the clinical
literature, the same angle is referred to as humeral retroversion (yellow) and is
measured in the opposite direction.

performance benefit during throwing, it could also be an exaptation for this
behavior. Moderately higher torsion and asymmetry in torsion appear in later Homo
(H. heidelbergensis — AT - Hum II; H. neanderthalensis - see (180); H. sapiens - see
(195)) (164, 171, 180, 195), with the notable exception of H. floresiensis (164, 194).
One possibility is that this increase in torsion may be related to changes in torso
shape and scapular position (195, 196). This model suggests that as the torso

broadens, higher torsion angles are required to maintain anterior ROM useful for

125



manipulative tasks. However, such shape changes cannot explain the pattern of
lower torsion values found in modern human throwing athletes. Furthermore,
although humeral torsion is highly plastic, early ontogenetic differences in torsion

between human populations suggests a heritable component (197, 198).

Several studies have noted that side asymmetries in the upper body (199-
202) and in humeral torsion specifically (198, 203, 204) may be related to throwing
ability. However, the results from studies attempting to link asymmetry levels and
throwing activity have been equivocal (198, 204). Furthermore, it is worth noting
that asymmetries in torsion develop when moderately low, juvenile levels of
humeral torsion are maintained in the dominant arm although non-dominant arm
torsion increases over ontogeny (197). Whether this lower dominant arm torsion is
the result of selective pressures and/or activity patterns, it is not the presence of
asymmetries in torsion but the maintenance of lower torsion into adulthood that
provides a performance advantage during throwing (50, 187). Accordingly, the
absence of humeral torsion asymmetry in individuals or species with low humeral

torsion is unlikely to provide insight into throwing performance or behavior.

The humerus is also a likely site for the presence of osseous markers of
throwing behavior. Knusel (174) has suggested that the presence of enthesopathies
(osseous lesions) at muscle/ligament attachment sites that experience high stress
during the throwing motion may provide useful indicators of throwing behavior.
Unilateral enthesopathies on the medial epicondyle of the distal humerus have

proven to be useful markers of throwing behavior (205-210). However, although
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these entheses are useful for evaluating recent material (210), older fossils are often

too poorly preserved to determine their presence.

Churchill and Rhodes (211) find that relative deltoid tuberosity size in
Neandertals and early Upper Paleolithic humans is smaller than later Paleolithic and
modern human populations. They use this data to again infer that these Neandertals
and early humans did not throw (198, 211). However, although the deltoid is
important in positioning the arm during the early cocking phase, electromyography
data on the deltoid during this phase and the following acceleration phase show
only moderate to low activity (106, 107, 212-214). Furthermore, the abduction
motion, for which the deltoids are primarily responsible, provides no angular
velocity contribution to projectile speed at release (99), nor does it induce
accelerations in any other joint (100). Accordingly, the performance effects this

reduction in deltoid size would cause during throwing are likely minimal.

The cross sectional geometry of the humeral shaft also has been argued to
provide insight into habitual throwing behavior. Churchill and colleagues (195, 200)
note that the cross sectional shape of the humeral shaft in early Upper Paleolithic H.
sapiens were less well suited to resisting torsional loads than later Upper Paleolithic
H. sapiens. This observation is inferred to suggest that early Upper Paleolithic
humans likely did not throw (195, 198, 200). They further note that the early Upper
Paleolithic humeri were similar in cross section to modern humans. However, given
that modern human throw very well, this performance inference is not supported.

Furthermore, the size standardization used in this analysis (polar moment
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standardized to body size) obscures what is likely a higher actual torsional
resistance in humeri of the robust, large bodied Paleolithic humans (215-218)

compared to modern throwers.

Trinkaus and colleagues point out that there is considerable bilateral
asymmetry in humeral cross sectional strength measures in Neandertals and Upper
Paelolithic humans (199, 219). In modern humans, similar levels of humeral
strength asymmetry are typically only found in overarm athletes (199, 202, 220).
Churchill and colleagues (200) have hypothesized that such strength asymmetry
(with the right arm typically more robust) results from habitual use of thrusting
spears. However, a recent electromyography study by Shaw and colleagues (221)
show that right handed subjects produced higher activation in the muscles of their
left arm during the spear thrusting motion. They argue that given that right-
handedness predominates and has probably done so for a long time, spear thrusting
is likely not the source of Neandertal and Upper Paleolithic humeral strength
asymmetry. Although the presence of such bilateral strength asymmetry is
potentially useful is recognizing throwing behavior, determining what activities
caused the asymmetry is difficult. Furthermore, the preservation of both of an
individuals humeri is exceedingly rare before the advent of burial and therefore of

limited utility before the European Middle Paleolithic.

The elbow

Mechanics - Another highly active region during the throwing motion is the

elbow. Early in the arm-cocking phase, the elbow is typically flexed just less than 90°,
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where it stays until the last quarter of the cocking phase (52, 53). At this time the
Biceps are briefly deactivated (98) and the forearm begins to extend rapidly at
angular velocities up 6000°/s (53). This flexion acceleration continues through the
first half of the following acceleration phase and slows as release approaches (53, 54,
102). Elbow extension is the second largest angular velocity contributor to

projectile speed at release (99). However, kinetic analyses of the elbow show that
this rapid extension is largely powered by centrifugal forces generated in the trunk
and shoulder and not by action in the Triceps (50, 54, 100, 101, 104).
Electromyography data showing highly variable activation of the triceps during this
rapid acceleration, as well as performance data from an individual with a paralyzed

Triceps, support these findings (106, 108).

During both the cocking and early acceleration phases the forearm is slightly
pronated (52, 53). At the end of the acceleration phase (and into the following
deceleration phase), the forearm hyperpronates, providing spin to the projectile.
The angular velocity of hyperpronation during acceleration is low and the peak
torque produced is very small (222-224). Pronation provides no angular velocity
contribution to projectile velocity at release (99) and has been suggested to be a
passive byproduct of more proximal joint actions (52). However, a recent study of
pronation and throwing performance has noted a weak relationship between

pronation acceleration and vertical projectile movement (225).

Functional anatomy - Studies have noted that the length and mass of the

forearm will affect projectile speed (198, 226). For a given elbow extension angular
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velocity a longer forearm will increase the linear velocity of the hand. Similarly, a
reduction in forearm mass will reduce the moment of inertia around the elbow, thus
requiring less power to achieve higher angular velocities. However, some
consideration of scaling effects is required when comparing across taxa as overall
body size will affect both the absolute length of the forearm as well as the inertial
mass of the forearm and the ability to generate torque to overcome that inertia.
Brachial index (radius length /humerus length *100) measures in chimpanzees (92)
show they have relatively longer forearms than humans do (78) (147). Chimpanzee
forearm mass also represents a significantly larger percentage of overall body mass
compared to humans (142, 227). Brachial indices in Australopithecus fossils show
relatively elongated forearms, in some cases exceeding chimpanzee values (A. garhi
- BOU-VP-12/1; A. afarensis - AL 288-1, AL 438-1; A. sediba - MH2) (168, 228-230).
Estimates of A./H. habilis show a similarly high brachial index, although caution is
advised given the fragmentary nature of this fossil (OH 62) (231). All other
members of the genus Homo exhibit modern human-like brachial indices (H. erectus
- KNM WT 15000; H. neanderthalensis - see (232); H. floresiensis - LB1) (230, 232-

235).

In considering the effects of these differences on throwing performance, it is
worth noting that although humans, and most fossil specimens attributed to Homo,
have relatively shorter forearms compared to chimpanzees and australopiths, this
relative reduction in forearm length is accompanied by a significant decrease in
forearm mass. For example, while the body size corrected chimpanzee forearm is

~18% longer than the human forearm (aiding in the production of projectile linear
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velocity), the relative mass of the forearm is 50% higher in the chimpanzees (142,
147,227). Thus, the laws of scaling dictate that any beneficial increase in forearm
length will be offset by a much larger detrimental increase in the forearm'’s inertial
mass. Furthermore, chapter 4 suggests that even minor increases in relative
forearm mass may have large effects on elastic energy storage, resulting in
significantly lower throwing speeds. Churchill and Rhodes have commented that the
robust Neandertal forearm may have limited forearm acceleration during throwing
(22). Given similar robusticity is observed in Neandertal humeri (199, 236) and that
Neandertals have a low, human-like brachial index (232), this seems unlikely.
Although an absolutely larger forearm necessitates more power to accelerate the

larger mass, the large Neandertal body was likely capable of providing such power.

Churchill and Rhodes (22) propose that hypertrophy of the ulnar supinator
crest may also provide a useful osseous indicator of throwing behavior. Although
the supinators are not involved in generating propulsive power during the throw,
they propose that this muscle may be highly active during the deceleration of the
arm. However, electromyography data from the single published study which
quantifies supinator activity shows very low activity in this muscle through all
phases of the throw (237). Churchill and Rhodes analysis of ulnar supinator crest
size and asymmetry in Neanderthals, Upper Paleolithic, and modern humans
typically found relatively larger supinator crests on the left ulna and no statistical
difference between sides in any group (22). They do find significant differences in
supinator index between Neandertals and a number of H. sapiens populations as

well as within H. sapiens. The authors interpreted these results as support for a
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Middle Paleolithic origin of habitual throwing. However, there are several reasons to
question this interpretation. Firstly, the most significant difference in supinator
index reported is between Neandertals and early Upper Paleolithic H. sapiens, both
of whom the authors suggest do not habitually throw. Secondly, no significant
differences are found in either asymmetry nor between males and females, both of
which would be expected if this morphology was an accurate osseous indicator of
habitual throwing. The lack of related performance data for the supinator muscle
further calls into question the functional importance of this character in the
throwing motion. Finally, it is worth noting that the variable presence of a
prominent supinator crest in males across a number of early hominin taxa (4.
afarensis - AL 438-1; A./P. boisei - OH 36; H. erectus - KNM WT 15000; H. sp. indet. -
KNM BK 66) (238-240) suggests that this trait is a signature of skeletal robusticity

and not necessarily throwing behavior.

Churchill and Rhodes (211) also point out that Neandertals have significantly
longer olecranon processes relative to ulnar length than humans. They note that
although these longer processes would increase the mechanical efficiency of the
Triceps, this increased efficiency could result in costly reductions in elbow extension
velocity. They suggest that these elongated olecranon processes would have
negatively impacted Neandertal throwing ability. However, given that rapid elbow
extension during throwing is driven largely by passive forces (50, 54, 100, 101, 104),
a small increase in ulnar olecranon process length is not likely to affect throwing

performance.
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The wrist & hand

Mechanics - The final region of the upper body that is involved in throwing is
the wrist and hand. Action at the wrist begins during the cocking phase, when the
wrist slowly hyperextends from its neutral position (53, 54, 241). As the
acceleration phase begins, the wrist is rapidly flexed reaching angular velocities in
excess of 1000°/sec (54, 241), making this motion the fourth largest contributor to
projectile velocity at release (99). During the acceleration phase, this rapid wrist
flexion action is accompanied by a small, low velocity (>30°/s) ulnar deviation
motion (241). Similar to the elbow extension motion, kinetic analyses of wrist
flexion show that this rapid motion is largely powered by passive forces generated

in more proximal joints and not by action in the wrist flexors (50, 54, 100, 101, 104).

It is assumed that at release, the pollical adductors and digital flexors relax
(potentially coupled with antagonistic contractions), loosening the grip, and
allowing the projectile to come free (242). The neural control of this release timing
and its role in achieving accurate throws is a subject of considerable study and
debate (18, 57, 243-250). It should be noted that precision and accuracy in rapid
mechanical tasks is strongly correlated with practice and familiarity (251-254).
Although these complex neurological mechanics are beyond the scope of this study,
it is useful to discuss how proposed functional morphological signatures of the

precision grip are thought to be vital to achieving accurate projectile release.

Functional anatomy - Wrist - Marzke has suggested that humans’ derived

ability to hyperextend the wrist would have been critical to throwing ability (255).
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Chapter 4 has further hypothesized that during throwing the ability to hyperextend
the wrist allows for the point of release to be delayed while still maintaining an
accurate release trajectory. They further propose that such a delay would enable
additional time for angular motions at the shoulder and elbow to accelerate.
However, a test of this performance hypothesis using a wrist brace restricting
hyperextension showed equivocal results. Although limiting wrist hyperextension
had significant performance effects at the shoulder and elbow, these effects do not
appear to be related to timing differences. Furthermore, the added mass of the brace
at the wrist led to unexpected complications during these trials. Accordingly, further
experimental data are needed to assess the validity of this hypothesis and test the

performance effects of morphological shifts at the wrist.

Cadaveric studies of human and chimpanzee wrist mobility have shown
significant differences between these two species in wrist extension ROM (Pan
~30°; H. sapiens ~70°) (256, 257). A number of researchers have hypothesized that
wrist hyperextension in chimpanzees may be limited by a dorsal ridge on the distal
radius (257-262). Richmond and colleagues (261, 262) note that a pronounced
dorsal ridge on the distal radius has been found in a number of early australopiths
(A. anamensis - KNM ER 20419; A. afarensis - AL 288-1), but is absent in later
australopiths (4. africanus - Stw46; A./P. robustus - SKX 3602) and Homo. However,
a recent geometric morphometrics study by Tallman suggests that this dorsal ridge
is present to varying degrees in all australopiths (263). Adding to the uncertainty,
the presence and morphology of a dorsal ridge has not been assessed for recent

Australopithus (168) and Ardipithecus (264) radial finds and no distal radii exist for
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early Homo. While it may still be reasonable to assert a more extendable wrist was
present in the later australopiths and Homo, more fossils are needed to better

address this hypothesis.

Functional anatomy - Hand - The ability of the hand to produce a precision
grip has been hypothesized to be vital to the accurate release of projectiles (242,
265, 266). The precision grip requires both digit lengths that allow thumb
opposition and strong pollical flexors (267-270). Chimpanzees’ elongated fingers,
metacarpals, and carpals coupled with a short, weakly muscled pollex make the
production of a precision grip impossible (242, 267-270). Humans, on the other
hand, have elongated, muscular thumbs and shorter digits. Furthermore, humans’
expanded fleshy, palmar finger pads may provide additional sensory feedback vital

to the fine motor control required for projectile release (242).

Fossil evidence for the emergence of precision gripping comes from relative
digit lengths, the size of the apical tufts of the distal phalanges, the presence of a
fossa for the attachment of the Flexor pollicis muscle. The earliest hominin fossil
evidence, a well-preserved Ardipithecus ramidus (ARA-VP-6/500) hand, shows very
ape-like digit lengths (264). A. afarensis (AL 333-x) phalangeal and metacarpal
fossils show an intermediate morphology with a relatively elongated thumb and
slightly reduced non-pollical digit lengths when compared to chimpanzees, but not
quite human-like proportions (265, 271). Marzke (265) argues that A. afarensis was
capable of producing a three-jaw chuck precision grip that could have enabled

throwing ability. A slight expansion of the apical tufts is also reported for A.
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afarensis (272). An A. africanus distal phalanx of the thumb (Stw 294) is reported to
show an expanded apical tuft and a prominent Flexor pollicis fossa (273). Ricklan
(273) interprets these data, and additional measures of a number of metacarpals, as
consistent with throwing ability. Well developed apical tufts and prominent Flexor
pollicis fossae are also reported for A./P. robustus (Skx 5016, Skx 8963) (274). A
nearly complete A. sediba hand shows an elongated thumb and shortened fingers
consistent with the production of a precision grip (275). In Homo, all available
fossils are consistent with human hand proportions, strength, and expanded
fingertips and indicate the ability to produce precision grips (170, 172, 175, 242,

274, 276-279).

Summary of evidence

The archaeological and morphological evidence for the evolution of high-
speed throwing is complex, and often incomplete. However, much can be gleaned
from integrating the information currently available. Archaeological evidence of the
presence and use of projectiles remains the best way to positively confirm the
capacity and usage of high-speed throwing. However, although there is wide
agreement on recent evidence of projectiles associated with H. sapiens in Europe
and the Levant, there is still no consensus on whether projectiles were made by
earlier H. sapiens let alone in other hominin taxa. The lack of unequivocal material
evidence of projectiles has been used to suggest that high-speed throwing behavior
dates back to only the later Middle Paleolithic/Middle Stone Age (20, 22, 198).

However, absence of evidence is not always evidence of absence, and the poor
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preservation of organic material and the inability to identify minimally modified
tools likely obscures the presence of the earliest thrown implements, such as
untipped spears, rocks, and throwing sticks. Accordingly, although archaeological
evidence provides excellent data on the minimum earliest appearance of throwing
behavior it yields very poor information on the maximum or true first appearance of

high-speed throwing.

The best evidence for the evolution of high-speed throwing thus falls to the
functional interpretation of hominin fossils. Taken as a whole, the morphological
evidence for high-speed throwing does not accord with the archaeological evidence
and suggests that the capacity to produce high-speed throws is considerably older.
First, morphological shifts in the torso that enable increased rotational motion have
been shown to significantly affect throwing performance. Modern human-like torso
rotation mobility appears to date back at least to Homo erectus and possibly earlier.
Second, a lateral shoulder positioning has also been shown to have significant
performance effects on throwing velocity. Fossil scapular glenoid orientation data
show a more “relaxed” caudally rotated morphology is present in Homo. However, it
has been suggested that H. erectus may have had short clavicles resulting in an
anteriorly oriented shoulder thought to be detrimental to throwing behavior. Other
H. erectus fossil material has been used to call this reconstruction into question.
Further fossils and analyses of H. erectus clavicles, humeri, and superior rib cage
size and shape are needed to address this hypothesis more fully. Third, low humeral
torsion is found in both the australopiths and early Homo and has been linked to

throwing performance. In fact, higher torsion only appears in later Homo, although
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lower torsion is maintained in the dominant arm, resulting in side asymmetries.
Side asymmetries in humeral bone strength also appear in later Homo, although the
cause of such strength asymmetries is non-specific. Fourth, reductions in forearm
length also appear with H. erectus, and when coupled with even larger reductions in
forearm mass are inferred to result in improved throwing performance. Shifts in
wrist morphology enabling increased wrist extension are thought to occur in the
later australopiths, although the timing of this shift as well as its effect on throwing
performance remain subjects of debate. Finally, changes in digit proportions and
evidence of expanded fleshy fingertips also suggest that the ability to produce a
precision grip, thought to be vital for accurate projectile release, dates back well into

the australopiths.

With the exception of inconclusive evidence regarding relative clavicle length,
all of these morphological data suggest the capacity to produce high-speed throws
was present dating back to Homo erectus. Additionally, morphological shifts in the H.
erectus lower body (increased Gluteus maximus, longer legs (142, 147)) are also
consistent with increase throwing ability. Furthermore, data on upper body
asymmetries and entheses that have been used to assert a much later origin for
high-speed throwing are not well correlated with throwing performance measures

and show no consistent morphological shifts.

5.6  Whydo we throw?

Skeletal evidence (264, 280, 281) and parsimony reconstructions (45)

suggest that the earliest hominins were quite chimpanzee-like in many ways. Given
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that neither chimpanzees nor early hominins show morphological adaptations to
throwing, it is unlikely that the human/chimpanzee LCA threw well. However, even
low velocity chimpanzee throws are sufficient to scatter their compatriots during
aggressive displays. Throws by early hominins likely were used in similar contexts

and to similar effect.

The most likely evolutionary pressures driving the emergence of high-speed
throwing behavior relate to its role in hunting. The timing of the emergence of high-
speed throwing behavior in Homo erectus suggests that the evolutionary origins of
this behavior may be related to early hunting and possibly also scavenging. The
paleoanthropological record shows hominins had access to meat dating back at least
2 million years (282-284) and potentially significantly earlier (285, 286). Analyses
of lithic cutmarks suggest that by 1.5-2 million years ago hominins enjoyed early
access to medium to large animal carcasses (282, 287-289). Such data suggest that
hunting or power scavenging (in which predators are driven from the own fresh
kills) dates back to H. erectus. These lithic and faunal cutmark data accord well with
significant increases in brain and body size in H. erectus consistent with an increase
in dietary quality (3, 142, 147, 290). How H. erectus was hunting or driving
predators from their kills has been a subject of debate (2, 8, 142, 291). Evidence for
the emergence of endurance running capabilities in H. erectus suggests that
persistence hunting may have played an important role in early meat procurement
(142). Strong morphological evidence for high-speed throwing capabilities at this
time indicates an important role for throwing as well. Although these dual

signatures of throwing and endurance running suggest a complex behavioral
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strategy for early hunting, throwing may provide a number of adaptive advantages.
First, while early thrown projectiles, such as untipped spears, were unlikely to
result in the instantaneous death of prey, they would have resulted in substantial
injury. These injured animals would have been easier to track and incapable of
moving over long distances therefore greatly reducing the energetic cost of their
capture. Furthermore, injuring a prey animal would greatly increase the chance of
success during a persistence hunt. Secondly, the ability to kill or injure animals from
a distance significantly reduces the risk to a hunter. Evidence of persistence hunting
data among !Kung foragers show that persistence hunts frequently ended with a
hand thrown spear killing an exhausted, but still unpredictable animal (292, 293).
Although ethnographic data on hand thrown spears suggests short effective ranges
for these projectiles (294), even these short distances would have greatly reduced
danger to the hunter. Finally, throwing would also provide a significant safety
advantage in driving scavengers away from hominin kills as well as scavenging kills

from other predators.

Throwing ability, in addition to being an advantage to the earliest hunters,
would also have provided significant advantages to later hunters as well. Throwing
was likely an important component of the flexible hunting strategies required of
hominins as they migrated out of Africa as early as 1.85 million years ago (295).
High-speed throwing would have been increasingly important as hominins
dispersed to more varied and seasonal environments in which persistence hunting
was not possible for much of the year. Increased reliance on throwing ability later in

human evolution is further supported by the accumulation of technological
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improvements in throwing armament in the form of lithic spear points and

atlatls/spear throwers.

[t is worth noting that although early hunting provides a strong adaptive
context for the emergence of throwing behavior, throwing may also provide
additional (exapted) benefits in other contexts including social enforcement and
reducing the costs of aggression. Furthermore, although the functionally relevant
morphologies discussed here all provide significant performance enhancements
during throwing, it is always difficult to identify the specific selective pressures
driving morphological shifts. The fact that some of the traits identified here as vital
to throwing performance predate the emergence of H. erectus suggests that these
novel morphologies were originally selected for other functions and later were
useful for high-speed throwing. In this way, improvement in hominin throwing
ability was likely somewhat gradual. For example, expansion of the waist first began
in the australopiths, likely related to locomotor demands and was exapted for high-
speed throwing. Similarly, evolutionary changes in the wrist and hand may have
originally been driven by increased tool use and the manufacture of stone tools, only
to be co-opted for improved throwing performance. However, the lower (and wider)
shoulders in H. erectus are a different story. As chapters 3 and 4 argued, this change
in shoulder position likely had the largest effect on throwing performance by
enabling large amounts of elastic energy to be stored and released (50). I have
hypothesized that low, wide shoulders likely reduced climbing efficiency, probably
had little effect on stone tool use or manufacture, and are only adaptive for high-

speed throwing. Altogether, the accumulated presence of functional important
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morphologies in H. erectus provides a novel, adaptive suite that when combined

would enable high-speed throwing.

5.7  What questions remain?

Despite strong evidence for high-speed throwing ability dating back to Homo
erectus, a number of important questions remain. Morphologically, the length of the
H. erectus clavicle and its effect on shoulder positioning and throwing performance
are still unclear. Although additional fossil material will always be the best way to
address this question, further analyses of existing material are still needed. For
example, little is known about how superior rib cage shape and size affect shoulder
position or whether a low claviculohumeral ratio accurately reflects a shortened
clavicle and anteriorly oriented shoulder. In terms of the throwing performance,
more data are needed on the effects of wrist extension in order to accurately assess
whether morphological shifts at this joint are relevant to throwing performance.
Archaeologically, little is known about the penetration and wounding potential of
the untipped wooden spears that likely played an important role in early throwing

behavior.

More biomechanical studies using similar analytical methods are needed to
address the competing functional requirements of the upper body. For example,
while much is known about the mechanics of primate climbing, very little is known
about how power is generated during human climbing and what the actual
performance costs of changes in the hominin shoulder are. Even less is known about

the mechanics of human stick digging. Digging up energy rich roots and tubers using
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a minimally modified stick has been proposed to be an important dietary and
behavior shift early in human evolution (296). Mechanically, the digging motion
probably requires significant force and can occupy several hours of work a day for
hunter-gatherer women (297). However, how this force is generated likely differs
from the requirements of high-speed throwing. I would hypothesize that significant
force is generated by the adductor and extensor muscles of the shoulder, neither of
which contributes significantly to throwing. Biomechanical data are needed to test
this hypothesis. Finally, and potentially most importantly, how power is generated
during stone tool manufacture and usage is still poorly understood. The intensified
use of tools and the novel incorporation of modified lithic tools especially, were
likely hallmark events in hominin evolution. While knapping bears some similarities
to the throwing motion, including a whip-like production of power involving
internal rotation of the humerus, these motions are much less rapid in knapping and
likely require significantly less power. Inverse dynamics and induced acceleration
data on knapping will be invaluable in comparing the two motions and determining

the mechanical similarities and differences between these tasks.

Finally, Larson notes the evolutionary importance of the use and
manufacture of tools in describing a problem Homo erectus may have faced as a
result of having very low humeral torsion (164). She hypothesizes that when
combined with a laterally oriented shoulder, low humeral torsion would result in a
restricted range of motion for manipulative tasks and infers that the ability to use
and manufacture tools could suffer as a result. She further proposes this problem is

overcome in H. erectus via an anteriorly directed shoulder, resulting from a
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relatively shorter clavicle. While I have questioned the reconstruction of the H.
erectus clavicle as relatively short (Chapters 2 and 5), this does raise interesting
questions regarding how H. erectus both threw well and knapped stone tools. To
address this question, further data are needed on the costs to knapping
performance imposed by very low torsion, as well as on whether simple postural
shifts at the shoulder (shoulder flexion, scapular protraction) are capable of
recovering any performance loss due to low torsion. Addressing these remaining
questions will allow us to better refine our understanding of the evolutionary
history of high-speed throwing and of the unique human behaviors that throwing

ability enables.
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Appendix 1 - Supplemental data for Chapter 2

Supplemental table 2.1. Measurement reliability using

Intra-class correlation coefficients (ICC)

Average Measures Single Measures
icc Iicc Significance

Goniometric ROM
External ROM maxima 0.918 0.848 0.000
Internal ROM maxima 0.947 0.899 0.000

Kinematic ROM

External ROM maxima 0.932 0.872 0.000
Internal ROM maxima 0.965 0.933 0.000

CT scan measures
Superior scans 0.973 0.922 0.000
Inferior scans 0.999 0.996 0.000

All intra-class correlations were calculated using a two-way random model for absolute

agreement

Supplemental Table 2.1. Measurement reliability data for humeral torsion and
range of motion data.
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Appendix 2 - Supplemental Material for Chapter 3

Pre-enrollment performance task & data exclusion criteria - All subjects were
required to pass an initial performance task prior to enrollment in the study. Each
potential subject was given 5 tries to hita 1m x 1m target with a baseball from 10
meters away at a minimum speed of 22.35 m/sec (50 mph). Twenty-five subjects
successfully completed the task and were enrolled in the study (one subject
subsequently removed himself prior to data collection). Of the 24 total subjects, 3
failed to achieve any throw of at least 22.35 m/sec during the full data collection and
were excluded from the study. One further subject was removed from normal vs.
restricted analysis due to an abnormal response to the shoulder restricted
condition, rendering him an outlier in all analyzed data. The final sample size for all

conditions is 20 subjects.

Kinematics - Twenty-one 25mm passive reflective markers were used to
define the torso, arm, forearm and hand (Sup. Figure 3.1). The markers were placed
on bony landmarks using both double-sided toupee tape and cloth medical tape. The
torso was defined with 5 markers (C7, C7 prominens; ThrowAcro, throwing side
acromion; ContraAcro, contralateral side acromion; ThrowHip, throwing side
greater trochanter of the femur; and ContraHip, contralateral side greater
trochanter of the femur). A rigid cluster containing 4 markers was also placed on the
back between the scapula on trials were no brace restricted its application
(TorsoSup, superior; Torsolnf, inferior; TorsoThrow, throwing side; and

TorsoContra, contralateral side). Two markers were placed on the scapular spine
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Supplemental Figure 3.1. Reflective markers on a subject at ball release. Note:
there is no arm cluster in this trial.

(ScapLat, lateral; and ScapMed, medial). The arm was defined using a functionally
defined shoulder joint (see Supplemental text below) and two distal markers
(ElbLat, lateral humeral epicondyle; and ElbMed, medial humeral epicondyle). On
some trials a second rigid cluster was applied to the dorsal side of the arm
(ArmProx, proximal; ArmDist, distal; ArmMed, medial; and ArmLat, lateral). The
forearm was defined using the calculated midpoint between ElbLat and ElbMed
proximally and two markers distally (WriLat, radial styloid; and WriMed, ulnar
styloid). The hand was defined again using the calculated midpoint of the wrist

markers as well as two distal markers (MC2, distal end of the 2" metacarpal; and
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MC5, distal end of the 5% metacarpal). All markers were identified using Vicon

Nexus v. 1.7.1 software.

Experimental conditions - All subjects performed both “slow” and “fast”
throws in each of 5 conditions. During slow throws the subject was instructed to
make a comfortable throw with no consideration of speed. During fast throws the
subject was tasked to throw as fast as he felt comfortable throwing. The conditions
were normal unrestricted kinematics and four brace restricted conditions
(clavicular elevation, torso immobilization, shoulder rotation, and wrist extension).
Condition order was randomized across subjects. The brace restrictions used
commercially available therapeutic braces to limit range of motion at a specific joint.
All brace conditions (except for torso immobilization) also included an intermediate
sub-condition in which the brace was worn but no restriction was applied. During
loaded brace conditions, subjects were instructed to attempt their normal throwing
motion. In this paper, only data from the normal unrestricted and shoulder rotation

restricts are used.

Kinetics - The kinetic model was created using C-Motion Visual3D software.
Segment definitions and rotational axes are described in Sup. Table 3.1. All segment
masses, centers of mass, and radii of gyration are taken directly from Dempster (1).
A number of the markers used to define and track segments are virtual calculated
markers. The markers midHip and midWrist represent the calculated midpoint
between the hip and wrist markers respectively. The FuncSho marker is calculated

as a functional joint from a movement trial. In this movement trial, the subject keeps
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Supplemental Table 3.1 - Segment Definitions

Defining Tracking
Segment Geometry Markers Markers Axes
Proximal: X: axial
ThrowHip, midHip (calc) flex/extension
ContraHip
Thorax/Pelvis Cylinder ThrowAcro Y: lateral
Distal: flex/extension
ThrowAcro, ContraAcro
ContraAcro Z: axial rotation
Proximal: X: flex/extension
FuncSho (calc), FuncSho (calc)
Arm Cone ThrowAcro ElbMed Y: ab/adduction
Distal: EIbMed, EldLat Z: lnt/external
ElbLat rotation
Proximal: ElbMed
ElbMed, ElbLat
ForearmUpper Cone ElbLat X: flex/extension
Distal: RFA80
(calc) RFA80 (calc)
Proximal: RFA80 (calc)
RFA80 (calc)
ForearmLower Cone WriMed Z: pro/supination
Distal: WriMed,
WriLat WriLat
Proximal: midWrist
WriMed, (calc) X: flex/extension
WriLat
Hand Sphere MC5 Y: ulnar/radial
Distal: MC5, deviation
MC2 MC2
midWrist
Single marker: | (calc)
Ball Prox (calc) No independent
Ball Sphere MCS motion
MC2
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Supplemental Table 3.1. Segment parameters using in the kinetic model. Segment
length and diameter is obtained using the defining markers sets. Segmental
movements are recorded using the tracking markers around the defined axes.

his torso still, the arm is abducted 90 degrees and the elbow is fully extended. The
subject then proceeds to slowly circumduct the arm keeping the elbow straight. The
motion is tracked as two temporary segments (torso - ThrowAcro, ContraAcro, C7;
arm - ThrowAcro, ElbMed, ElbLat). An optimization is performed to find the

functional joint center between the two segments with the lowest residual.

The final calculated marker (RFA80) bears further explanation. RFA80 is
both a marker and a joint (Sup. Figure 3.2). This marker is calculated as lying 80% of
the distance towards the wrist along the chord from the calculated midElbow and
midWrist markers. The marker was created to establish a virtual, independent
segment in the forearm that allows for accurate measures of pro/supination and
solves a tracking problem in the elbow. Because the humeroulnar and humeroradial
joints have different joint centers, defining a single forearm segment requires
choosing a joint center that accurately represents one forearm motion but the other
poorly or represents both poorly. This is evident when a single forearm segment
model is loaded into the data as the forearm tracks very poorly at the elbow. To
solve this problem, we have created a two-segment forearm using the RFA80
marker. The proximal segment, ForearmUpper, contains 80% of the mass and length
of the forearm, while the distal segment, ForearmLower, contains 20% of the mass
and length. Due to the way both segments are defined, the motion at the joint

between these two segments should be confined to movement around the Z axis.
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Supplemental Figure 3.2. Visual3D kinetic model showing the segments used in
the inverse dynamics analysis. Note the distal ball segment as well as the location of
the RFA80 and functional shoulder joints.

Joint angle data from ForearmLower shows that this is largely the case,
although there are minor angular changes around the X and Y axes (<6 degrees,
approximately 4% of total angular motion at the joint). These minor movements
likely represent slight deviations in the axis of pro/supination away from our
estimated axis. The definition of these segments also prevents any problems with
calculated moments as the lack of flex/extension motion at the ForearmPS joint

(Sup. Table 3.2) and pro/supination motion at the elbow joint create non-
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Supplemental Table 3.2 - Joint Definitions

. Cardan
Resolution
. Reference . Sequence
Joint Segment Coordinate .
Segment for Joint
System

Angles
Torso Thorax/Pelvis Lab Lab XY,Z
Shoulder Arm Thorax/Pelvis Arm XY,Z
Elbow ForearmUpper Arm Arm XY,Z
ForearmPS | ForearmLower | ForearmUpper ForearmUpper XY, Z
Wrist Hand ForearmLower ForearmLower XY, Z

Supplemental Table 3.2. Joint parameters used in the kinetic model. The cardan
sequence is the series of rotations used to define both the joint Euler angles and the
joint velocity, which is calculated using the instantaneous axis of rotation and not
the first derivative of the Euler angles.

independent masses for the entire forearm. The use of a two-segment forearm also

resolves the model-tracking problem in the elbow.

The most distal segment in our kinetic model is the ball. The ball segment is

defined as a calculated marker, Ball, which is placed 130% of the distance along the

chord from the WriLat to MC2 marker and 20% of the distance along the chord

between the MC2 and MC5 markers. This places the ball between and slightly distal

to the 2n and 374 metacarpal heads (a common placement for a standard split finger
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throw). The ball was given the appropriate mass (144g) and radius (3.68cm) of a
standard baseball. The ball segment was tracked using the same markers as the
hand segment and therefore is non-independent. In all kinetic data from after the

moment of release, the mass of the Ball segment is dropped to zero.

All defined joints in the kinetic model are described in Sup. Table 3.2. It
should be noted that all joint angles and velocities are defined using a X,Y,Z Cardan
sequence of rotations and all joint measures are resolved relative to the proximal
segment with the exception of the torso/pelvis, which is necessarily resolved
relative to the lab global coordinate system, and the shoulder, which is resolved
relative to its own axis to bring angular velocities and related measures in line with

previously published data (2, 3).

Filtering — Residual analysis, as described in Winter (4), was conducted on
throwing trials from 5 randomly chosen subjects using a custom MATLAB script.
The residual was calculated for 214, 4th and 6t order Butterworth lowpass filters
with the cutoff frequency iterated between 1Hz and the Nyquist frequency of the
data (500Hz). The residual was calculated for the ThrowHip, ThrowAcro, ElbLat,

WristLat and MC2 markers using the formula;

1 < SN2
Equation S1: Rifo)= NEI(X[—X,.) (Eq.S1)

where R is the residual in meters, f, is the cutoff frequency, X, is the raw data of the

ith sample, and X, is the filtered data of the ith sample. The full residual analysis was
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Residuals of ElbLat marker using 2nd order Butterworth filter - full throwing trial
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Supplemental Figure 3.3. Sample residual analysis data from the full trial ElbLat
marker data using a 2"d order Butterworth filter (Subject 006, trial 8).
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Supplemental Figure 3.4. Sample residual analysis data from the critical period
ElbLat marker data using a 2 order Butterworth filter (Subject 006, trial 8).
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conducted twice; once with the full throwing trial (Sup. Figure 3.3) and once using
only the critical period from the initiation of internal rotation of the humerus to ball

release (Sup. Figure 3.4). Cutoff frequencies were manually chosen following Winter

(4).

A 2nd order filter was chosen as the best fit for the data as it consistently
returned the lowest actual residuals across all markers. Full trial and critical period
cutoff frequency means were statistically different (p < 0.05) using a matched pairs
t-test (Sup. Table 3.3). The mean was calculated from the X, Y, and Z residuals from
each marker and then again from all markers (all marker XYZ mean: 17.3 Hz - full
data set; 36.7 Hz - critical period). For data processing, we split the difference
between the full data period and the critical period frequencies by using a 25 Hz
cutoff frequency. As a final check on the sensitivity of our analyses, we added
random noise (2mm width, zero mean) to all markers from a single subject’s raw,
unfiltered data. After filtering, no significant differences were detected in any kinetic

measures.

Throwing phase standardization - Differences in timing between throws are
controlled for in the kinematic and kinetic data by assigning portions of the motion
to 5 standardized phases (5). The windup and stride phases are collapsed into a
single phase as we are unable to differentiate these two phases with our marker
setup. The two phases reported here are defined as: Arm Cocking - from the
moment of leading foot contact with the ground at the end of stride (STR) to the

maximum external rotation (MER) of the shoulder, & Acceleration - from MER to
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Supplemental Table 3.3 - Cutoff frequency data (Hz)

- 2nd order Butterworth filter

Marker Data set X Y VA Mean XYZ
ThrowHip full 14.8(4.8) 12.2(3) 10.2(3.2) 12.4(3.7)
critical 41(11.5) 35(7.8) 37.4(6.8) 37.8(8.7)
full 21(12.9) 12.8(4.4) 18(11.3) 17.3(9.5)
ThrowAcro
critical 67.8(46.5) 58.4(45.7) 26.6(9.7) 50.4(34)
full 18.8(8.9) 15.2(3) 14.8(4.8) 16.3(5.6)
ElbLat
critical 35.6(8.4) 34.2(8.5) 36.8(7.3) 35.5(8.1)
full 30.2(15.7) 15.8(5) 13.2(1.6) 19.7(7.4)
WristLat
critical 41.8(11.9) 25(4.7) 25.2(4.3) 30.7(7)
full 34.4(10.9) 16(4.4) 12.4(1.8) 17.1(5.7)
MC2
critical 25.2(9.4) 24.8(8.4) 24.2(7.5) 25.3(8.4)

Supplemental Table 3.3. Mean cutoff frequencies (and standard deviations) from 5
subjects using a 2" order Butterworth filter.

the moment of release (REL). STR was defined using the minimum point of mid-
pelvis linear velocity. MER was defined as the shoulder rotation angular velocity

zero point following STR. Data from the entire internal rotation motion (including
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the full acceleration and deceleration phases) were further calculated from MER to

DECEL, defined as the shoulder rotation angular velocity zero point following REL.

Given that these phases often differ in duration between throws, further
standardization is required in order to calculate mean values and variances for all
parameters. Accordingly, all joint angles, angular velocities, torques and power
values were processed in MATLAB by interpolating each phase 1000 fold and
subsequently down sampling each throw to a set length. The acceleration phase was
down sampled to 100 data points and the arm-cocking phase to 894 points (in
keeping with the mean arm cocking/acceleration duration ratio). It should be noted
that the different throwing conditions did vary in this ratio (see Supplemental Data
below), but that in order to achieve comparable data between conditions the mean

8.94:1 ratio was used for all conditions.

Effects of projectile type - For practical reasons, we chose to collect data on
individuals throwing standard baseballs. However, given that hominin throwers
were likely throwing objects such as rocks and untipped spears, it is worth noting
how throwing kinematics differ between projectile types. While the throwing
literature largely focuses on baseball throwing, there are a number of studies
addressing the throwing kinematics of footballs (6-9), handballs (10-12), and
javelins (13-15). These projectiles differ from baseballs in both mass and shape.
Results from these studies show that a standard sequence and timing of motions is
conserved across all throw types (6, 16). Importantly, these standard kinematic

patterns include consistent external rotation of the arm into the passive ROM during
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the arm-cocking phase, when we propose that elastic energy is stored (6, 17, 18).
Modeling research by Alexander (19) suggests that projectile mass may be
important in dictating arm position differences during the arm-cocking phase. These
positioning differences, where heavier projectiles are positioned closer to the
shoulder joint by reducing arm abduction angle and increasing elbow flexion, may
help to reduce the arm’s moment of inertia during cocking to prevent damage to the
ligaments and tendons crossing the shoulder. Data on arm positioning during the
cocking phase suggest that this may be the case for a number of heavier projectiles
(handball ~ 450g; shot put - 7260g) (18, 20). Such a constraint may have
compromised hominin throwing performance when throwing heavy projectiles or
affected the choice of how heavy a projectile was thrown. Scarce ethnographic data
on hand-thrown spears suggests that human hunter-gatherers choose lighter spears
(averaging 184g), potentially to avoid injury or compromised throwing mechanics
(21). Projectile shape likely also has effects on throwing kinematics, especially in the

positioning of the hand.

Elongated projectiles (such as footballs, javelins, or spears) require that the
palm of the hand is positioned alongside the elongated axis the projectile, as
opposed to spherical projectiles (such as baseballs, handballs, etc...) where the palm
is typically positioned behind the projectile (22, 23). When throwing elongated
projectiles, this is accomplished through a more supinated position of the forearm.
While this more supinated forearm position is required of both football
quarterbacks and javelin throwers, the kinematics of hominin spear throwing were

likely more similar to those of football passing than javelin throwing. This is because
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spear throwing for hunting as well as football passing require both power and
accuracy in order to be effective, while javelin throwing requires only power, as the
marker of performance is simply the distance the javelin has travelled from the
thrower. For this reason, the differences between baseball pitching and javelin
throwing (including the run up and unstable release) will not be discussed here.
Detailed comparisons of the football passing and baseball throwing motions show
that while these motions are largely similar, football quarterbacks tend to achieve
slower torso rotational velocities and faster shoulder flexion velocities (6).
Quarterbacks also externally rotate their arm ~9° less than baseball pitchers during
the cocking phase (6). It has been suggested that these differences in football
passing kinematics may be accommodations to the increased mass of the football (~
415g), in order to reduce the risk of injury to the shoulder and elbow (6). Similar
kinematic accommodations may have been employed by spear throwing hominins
for the same purpose. Finally, it is worth noting that throwing athletes from all
sports show reduced humeral torsion in their dominant arm versus non-dominant

arm (24-28).

Timing differences between experimental conditions — Experimental
conditions involving the brace showed significantly different timing in both the
duration and relative duration of the arm-cocking (repeated measures ANOVA, p =
0.0255, Mauchly’s sphericity = 0.2404) and acceleration phases (MANOVA, p =
0.0024, Mauchly’s sphericity < 0.0001) (Sup. Figure 3.5). Post-hoc pairwise testing
shows these differences are due to reduction of the arm-cocking phase and

elongation of the acceleration phase in the restricted condition. The reason for the
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Supplemental Figure 3.5. Duration of the arm cocking phase (blue) and
acceleration phase (red) for the normal and shoulder brace conditions. Restricted
throw timing differed significantly from both normal and intermediate throws.

change in cocking duration is not clear, but the elongated acceleration seems to
represent a slowdown associated with reduced acceleration of the arm due to the
lack of elastic energy storage in this condition. Such reduced acceleration could

delay the moment of release and elongate the acceleration phase.

Muscle data - Muscle volumes used for muscle modeling are taken from the
Visible Human Project data set (29). These volumes are calculated from a single
male subject and are the largest available in the literature (which contains other
males in the 95t percentile in height and the 90t percentile in weight) (30). Muscle

volumes for forelimb muscle (Sup. Table 3.4) were calculated from MR images by
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Garner and Pandy (31). The values used for the anterior deltoid were calculated by
dividing the entire deltoid volume by three. These volumes were then converted to
masses by multiplying by an empirically derived measure of mammalian muscle
density from the literature (32). The summed muscle mass of all internal rotators of
the humerus was then used to normalize our power data by potentially contributing
muscle mass. Our use of these very large muscle volumes in our analysis, as well as
the assumption that all fibers are contributing at 100% of their capacity and solely
to humeral internal rotation, intentionally overestimate the potential muscular
contribution to joint power at the shoulder. This significant overestimation is
designed to reduce the effects of error within the inverse dynamics torque

estimates.

Modeled vs. actual power output - One way to test the hypothesis that elastic
energy provides most of the rotational power for throwing is to compare estimates
of the maximum power production capacity of all the muscles potentially
responsible for internally rotating the humerus with the actual calculated power.
The maximum power production of all internal rotators of the humerus is calculated
using the average actual power during the acceleration phase, thus minimizing the
effects of instantaneous changes in angular acceleration. This average actual power
value is then adjusted by a mass estimate for all potentially contributing muscles
(see Supplemental Methods above). This mass specific power estimate (in W/kg1) is
then compared to published maximum mass specific power values from the

literature, which range from ~250-500 W /kg! (33-35). This conservative model
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Supplemental Table 3.4 -

Shoulder Internal Rotator Muscle Volumes (cm?3)

Muscle (Garner & Pandy 2003)
Pectoralis major 676.40
Latissimus dorsi 549.69
Anterior deltoid 792.87/3 = (264.29)
Teres major 231.40
Subscapularis 318.52
Total internal rotator volume (cm3) 2040.30
Muscle Density (Mendez & Keys, 1960) 1.06 g/cm3
Total internal rotator muscle mass (kg) 2.16

Supplemental Table 3.4. Calculated total muscle volume and mass for internal
rotators of the shoulder. The largest volumes for each are taken from the literature.

shows that the average actual power at the shoulder exceeds the maximum isotonic
power production capacity for muscle by at least 3-7 fold (Sup. Table 3.5). However,
it is well known that when muscle is actively stretched during or just prior to
concentric contraction there is a notable increase in force production (36-39).
Plyometric models propose that the pre-stretching of the shoulder internal rotator
muscles during arm-cocking augment force enhancement during the subsequent
acceleration phase of the throw (40). Accordingly, we also compared our average

actual power values to force enhancement adjusted (1.75x - (38)) values of
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Supplemental Table 3.5 - Modeled Power Comparison

Maximum isotonic power - skeletal muscle (W kg -1) 250-500
Adjustment for force enhancement due to stretching 1.75x
Maximum modeled muscle power - skeletal muscle (W kg -1) 438-800
Predicted values
Shoulder rotation work during acceleration (J) 132 52
Time of acceleration (sec) 0.034 +0.013
Average joint power (W) 3,847 £ 1967
Estimated total muscle mass (kg) 2.16
Adjusted average kinetic power - acceleration (W kg -1) 1,781 + 911
Average kinetic power > Maximum muscle power

Supplemental Table 3.5. Average kinetic power (shoulder rotation) adjusted by
modeled total internal rotator muscle mass compared to known maximum power
values for skeletal muscle.

maximum muscle force, ranging from ~438-875 W /kg-1. Even with this significant
force enhancement, our measured average rotational power in the shoulder exceeds
the maximum muscle values by 2-4 times. Thus, in order to achieve this joint power
using muscular power alone, the individuals in this analysis would require internal
rotator muscles at least 2-4 times larger than those used here. Given that the muscle

masses used are the largest published (31), this is highly unlikely and suggests that
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elastic energy stored in the shoulder is used to enhance the internal rotation power

output.

Location of elastic energy storage - Exactly where elastic energy is being
stored at the shoulder is currently unknown. While further in vivo soft tissue
imaging of the ligaments, tendons, and muscles crossing this joint are needed to
resolve this question, clinical data on repetitive injuries in the shoulder do provide
some insight. Throwing athletes show an increased prevalence of shoulder
instability and stretching related tears and laxity in the glenohumeral ligaments and
at the origin of the biceps tendon on the superior glenoid labrum (41-43). Over-
stretching injuries to these elastic structures suggest they may be involved in
storing elastic energy. For example, by actively positioning the arm during the early
cocking phase a number of shoulder ligaments are pulled taut (anterior band of the
inferior glenohumeral ligament, the middle glenohumeral ligament, and the
coracohumeral ligament) (44). It is quite likely that during following late cocking
phase, when the humerus is further passively rotated, these already taut ligaments
would stretch considerably. Furthermore, microscopic analyses of the glenohumeral
ligaments in those suffering from shoulder instability show higher amounts of
elastin present in these ligaments and an increase in the number of large diameter
collagen fibrils (45), effectively making these ligaments more tendon-like. Although
these elastic structures are not typical of those used by many animals to store elastic
energy to increase locomotor efficiency (46, 47), their short length and large
aggregate cross sectional area make the shoulder ligaments and muscle tendons

ideal for returning elastic energy very rapidly.
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Supplemental Figure 3.6. Maximum ball speed across treatment conditions
showed significant differences between all conditions as expected.

Ball speed & accuracy - Mean maximum ball speed was compared across
experimental conditions (Sup. Figure 3.6). Significant differences were found
between condition means (MANOVA - p < 0.0001), but not between condition
variances (Levene’s - p = 0.94). Post-hoc pairwise comparisons showed significant
differences between all three conditions. As expected, the intermediate condition in
which the brace was worn but not tightened showed an intermediate reduction in
ball speed, while the full restricted showed a greater reduction. Mean accuracy was
also compared across conditions. No significant differences were found between

conditions for mean accuracy (repeated measures ANOVA - p = 0.1485) or variance
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Supplemental Figure 3.7. Mean joint power (green dashed) and work (green) for
the sham condition. The mean values for the normal condition (blue dashed, grey)
and restricted condition (red dashed, red) are shown for comparison. A 95%
confidence interval (+ 2 st. error) bounds the mean sham values in the power curve
and all work values. Significant reductions (p < 0.05) from both the normal and
intermediate conditions are indicated by **, while the 1 indicates significant
differences from both the normal and restricted conditions.

(Levene’s - p = 0.4574). Within all conditions, no condition order effects were found

in either speed or accuracy.

Intermediate/sham condition - Data were collected for an intermediate

condition in which the shoulder brace was applied, but the restriction mechanism
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was not loaded. This intermediate condition allows for the analysis of the effect of
the brace itself somewhat independently of the restriction. In this condition, the
shoulder brace acted like a tight-fitting jacket and reduced external rotational range
of motion at the shoulder approximately -11° (compared to the restricted condition
which limited external rotational ROM -28.3°). This intermediate level of restriction
resulted in a small but significant reduction in maximum projectile velocity from the
normal trials. However, the intermediate condition showed significantly higher
projectile velocity than the restricted condition. Kinetic data show this intermediate
condition is largely indistinguishable from the normal condition (Sup. Figure 3.7),
with the exception of the shoulder rotation work done during the arm cocking phase

which drops -9£13% (p < 0.05) from the normal condition.

Chimpanzee throwing performance - Although data exist on the frequency of
chimpanzee throwing behavior (48-51), all published descriptions of throwing
performance have been qualitative. We collected preliminary throwing velocity data
(Table S6) from 3 chimpanzees with previous overhand throwing training at a
sanctuary in Auburn, CA. While not directly comparable to human throwing data
due to limited practice and training, these data further illustrate the lack of

projectile velocity, corroborating previous published accounts.

Although chimpanzees are facultative rather than skilled throwers,

chimpanzee throwing behavior and anatomy can provide insight into the
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Supplemental Table 3.6 -

Chimpanzee throwing velocity (mph)

Juvenile Juvenile Male  Adult female
Male (9 years) (~30 years)
(3 years)
Mean velocity 12.4 125 19+
N 17 18 12*
Maximum velocity 14.3 15.5 22.4%
Standard Deviation 1.4 1.7 2.4*

Supplemental Table 3.6. Throwing velocity data from 3 chimpanzees. Note: while
the adult female had previously been trained to throw overhand, during data
collection she chose to throw underhand (while standing bipedally). Her data has
been asterisked accordingly.

performance effects of morphological differences between these two species. [ use a
model that compares human and chimpanzee throwing performance because [ am
interested in assessing how differences in skeletal morphology affect throwing
ability. Furthermore, because many aspects of early hominin upper body anatomy
more closely resembles that of chimpanzees (52-54), they are a useful comparator
for humans and are helpful in assessing throwing performance in the fossil record.
Regardless of whether the human-chimpanzee last common ancestor was
behaviorally chimpanzee-like (53-55) or not (56, 57), comparisons of human

throwing mechanics and performance to that of chimpanzees can provide valuable
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insights for interpreting how throwing performance and skeletal anatomy are

related.

Clavicle length in Homo erectus - Previous research reconstructing the
hominin shoulder has suggested that early H. erectus fossils have relatively short
clavicles when standardized by humeral length (58). Given that the clavicle is the
only bony attachment of the shoulder girdle to the torso, clavicle length is inferred
to affect scapular positioning and thus range of motion at the shoulder (58). Using
the claviculohumeral ratio (clavicle length/humeral length) from the KNM WT
15000 and LB1 fossils, Larson (58) reconstructs early H. erectus as having novel,
intermediate shoulder morphology with low, very anteriorly positioned scapula and
suggests that as a result early H. erectus may have had compromising throwing

ability.

However, while the KNM WT 15000 claviculohumeral ratio (40.9) is low for
modern humans, it does fall within the measured range of normal variation seen in
East African populations today (58), in whom no deficit in throwing performance
has been reported. Additionally, reconstructed fossil clavicles from the early H.
erectus site of Dmanisi show claviculohumeral ratios squarely within the modern
human range (Adult male - 46.5L, 46R; juvenile - 43.7) (59). Given that both the
Dmanisi and Nariokotome clavicle fossils are incomplete, assessing the accuracy of
the length reconstruction methods used is important to resolve this discrepancy.
However, these methods are not reported in the Dmanisi analysis. Further research

is required to address this interesting discrepancy.
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Finally, while standardizing clavicle length using the humerus has been
shown to be a reasonable proxy for body mass interspecifically (58, 60), the high
variability in this relationship intraspecifically suggests that this standardization
method may not be very useful within a species. Furthermore, the claviculohumeral
ratio may not be very useful for reconstructing shoulder position. To illustrate the
problem with this metric, we look to chimpanzees, who have low claviculohumeral
ratios and yet have dorsally positioned, cranially oriented scapula. This dorsal
shoulder position is driven not by the length of the clavicle relative to body mass,
but by the length of the clavicle relative to the breadth of the superior portion of the
ribcage, which is evolving independently of body mass (61). Recent work
investigating clavicular length in apes suggests that when chimpanzee clavicles are
normalized to thorax width they fall closer to the rest of the apes in having a
relatively elongated clavicle relative to monkeys (62). Such a thorax width
standardization better accounts for the shoulder positioning seen in chimpanzees
and humans. In sum, better data is needed to determine how clavicle length and
shape, as well as thorax width and shape, relate to shoulder positioning in hominins.
However, at the moment equivocal data about H. erectus clavicle length do not

preclude high-speed throwing.

Glenoid orientation as a throwing adaptation — The “relaxation” or caudal
rotation of the scapula in H. erectus likely had significant effects on many behaviors.
We have proposed that this modification to shoulder position may be an adaptation
for throwing. The logic behind this hypothesis is simply that shifts in shoulder

position would result in large increases in throwing performance, while having
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relatively minor or even negative effects on the performance of other important
behaviors. For instance, laterally oriented shoulders likely positioned the
glenohumeral joint further inferiorly on the thorax, resulting in a wider shoulder
breadth that would reduce the mechanical advantage of the shoulder muscles
during climbing. In addition, a more relaxed shoulder would result in a lateral
reorientation of the P. major muscle, removing any useful flexion contribution of this
muscle during stick digging. The effects that shoulder position had on knapping are
more difficult to address. Given that power requirements of stone tool manufacture
are probably much lower than during high-speed throwing and that the muscle
most significantly affected by a change in shoulder positioning, P. major, is likely
minimally active during knapping, little direct effect of this shoulder position shift is
expected. However, Larson (58) notes that a laterally oriented glenoid in
combination with very low torsion in H. erectus (below most modern human values,
including most throwing athletes) could result in reduced range of motion for
manipulative tasks such as knapping or tool use. This problem, in combination with
potentially short clavicles relative to humerus length, have led Larson to propose
that the shoulder in H. erectus was more anteriorly positioned. Given that any deficit
in manipulative range of motion could be overcome by movements at the highly
mobile shoulder (shoulder flexion, scapular protraction), we expect the negative
effects of shoulder positioning on stone tool knapping and use were minimal. The
only other context in which a low laterally oriented shoulder has been suggested to
improve performance is during running (61). Bramble and Lieberman suggest that

shifts in shoulder position represent a decoupling of the head and shoulders and
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help to increase gaze stability during running. Although this decoupling would
clearly insulate the head from jarring motions that would perturb the vestibule-
ocular reflex, such impacts are partly damped elsewhere in the body (63, 64)
reducing the performance effects of decoupled shoulders. In sum, much additional
research is needed to further quantify the performance effects of a laterally oriented
shoulder on many diverse activities, but there is reason to hypothesize that shifts in
shoulder position have the important performance effects during throwing and may

represent an adaptation for this behavior.

Static optimization of arm positioning - We have proposed that throwers
store elastic energy at the shoulder by maximizing the arm’s moment of inertia,
causing the arm to lag behind the accelerating torso, stretching the shoulder
ligaments and tendons. We have further proposed that the arm’s moment of inertia
is maximized by abducting the humerus in line with the torso rotation and P. major
torques lines of action and by flexing the elbow. To test these assumptions, a static
optimization of the shoulder abduction and elbow flexion angles, maximizing the
arm’s moment of inertia, was performed (Sup. Figure 3.8). This optimization was
conducted using both chimpanzee and human morphologies (1, 65-68) and varied
projectile mass. A cosine cost function was applied at the shoulder to penalize
deviations in humeral abduction away from alignment with the two sources of
torque, which the arm’s inertial mass is proposed to resist. Results show that, as
predicted, humans maximize the arm’s moment of inertia by positioning the arm at
a lower shoulder abduction angle and a higher elbow flexion angle than

chimpanzees do (for low mass projectiles: human shoulder abduction ~80°, elbow
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Supplemental Figure 3.8. Free body diagram of the parameters used in the static
optimization of arm position. The optimization was tasked to maximize the arm'’s
moment of inertia (My) by varying the shoulder abduction angle (61) and the elbow
flexion angle (02). The effect of projectile mass (m) was also tested.

flexion ~90°; chimpanzee shoulder abduction ~140°, elbow flexion ~40°)(Sup.
Figure 3.9). While this static optimization broadly approximates differences in
human and chimpanzee throwing kinematics, it is worth noting that many human
throwers abduct their humeri more than 80° during throwing (5, 69, 70). This
difference may represent non-optimality in these throwers’ motions or may simple
result from the dynamic complexity of the throwing motion, which may be poorly

captured by this simple static optimization.
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Supplemental Figure 3.9. The results of a static optimization maximizing the arm’s
moment of inertia (My) by varying the shoulder abduction angle (61) and the elbow
flexion angle (02). Results for low mass projectiles correspond to known differences
in human and chimpanzee arm position during the arm-cocking phase, when elastic
energy storage is proposed to occur.
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