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ABSTRACT

INTRODUCTION
Studies of the musculoskeletal structure of sprinters suggest that sprinters differ from
their non-sprinting counterparts in several ways that have the potential to affect sprinting
performance. The plantarflexor (PF) muscles have received the bulk of this attention. Sprinters
have been shown to have longer PF muscle fascicles, lesser PF pennation, and shorter moment
arms for the Achilles tendon [1,2,3]. Characteristics such as these should facilitate the production
of work at high shortening velocities, and this has been demonstrated using musculoskeletal
computer simulations [2,3]. The relationship of these differences to actual human performance,
however, is the subject of some controversy. Sprint performance has been shown to correlate
with PF fascicle length [4], but another study showed neither differences in PF properties
between fast and slow sprinters nor correlation between these properties and performance [5].
The purpose of this study was to test (1) whether sprinters are less affected by the effects
of speed than non-sprinters when generating maximal PF moments in a dynamometer; and (2) if
enhanced isokinetic PF strength among sprinters is associated with variation in musculoskeletal
structure.
METHODS
The participants in this study were 6 club-level collegiate sprinters (178±2 cm; 74±5 kg;
22±2 y) and 9 non-sprinters (179±6 cm; 79±16 kg; 21±2 y). There were no significant
differences between the sprinter and non-sprinter groups in terms of stature, mass, BMI, or age
(all p ≥ 0.541). All participants provided informed consent and all experimental procedures were
approved by the Institutional Review Board of The Pennsylvania State University.
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Photographs were made of each participant’s right foot in order to derive foot
anthropometric measurements, including the distance from the lateral malleolus posterior to the
Achilles tendon, which we used as a proxy for Achilles tendon moment arm. B-mode
ultrasonography (Aloka 1100; transducer: SSD-625, 7.5 MHz and 39 mm scan width) was used
to capture still images of the gastrocnemius lateralis (GL) as each participant stood. From these
images we obtained measures of GL thickness t and pennation angle α; the fascicle length was
calculated from these measures according to
lF = t / sin().
Plantar flexor strength was measured with subjects seated in a System 3 isokinetic
dynamometer (Biodex Medical Systems) with the right foot unshod. Maximal plantar flexor
torque was measured under isometric conditions and isokinetic conditions as the foot plate was
rotated in the plantar flexion direction at 30 °/s, 120 °/s, and 210 °/s. Plantarflexor moment was
assessed as the ankle passed through its neutral position at each speed in order to minimize
length-dependent effects.
T-tests were performed to identify sprinter-non-sprinter differences in the measured
variables. A mixed model ANOVA was used to test for the influence of speed and group on
maximum isokinetic moment normalized by isometric moment. Finally, simple regressions were
done to identify correlations between isokinetic strength and fascicle length, moment arm, and
pennation angle. The level of significance for these tests was set at p ≤ 0.05.
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RESULTS AND DISCUSSION
ANOVA revealed a main effect for speed (p < 0.001); subjects in both groups saw
significant reductions in strength at each level as the speed increased. The sprinters were stronger
than non-sprinters at all speeds tested (Figure 1), but these differences were not statistically
significant. There was a trend toward a significant interaction between group and speed (p =
0.113), suggesting that sprinters’ PF torque generation at higher speeds may be less susceptible
to force velocity effects than that of the non-sprinters.
Similar to the previous reports, we found sprinters to have smaller GL pennation angles
(p = 0.018) and longer GL fascicles (p = 0.006). There was no difference between the groups in
moment arm (as approximated by heel length), however (p = 0.905).
Sprinters and non-sprinters exhibited different relationships between isokinetic strength
and structural properties. For example, there was no significant correlation between maximum
PF torque at 210 °/s for non-sprinters (p = 0.709), but there was a strong (R2 = 0.579) and nearly
significant (p = 0.079) correlation for sprinters (Figure 2). This apparent association suggests that
sprinters may owe some of their maintenance of PF strength at high speeds to their longer
fascicles.
CONCLUSIONS
It is important to note that several of these findings based on our current data analysis do
not rise to the level of statistical significance. With only n = 6 sprinters and n = 9 non-sprinters,
this is perhaps not surprising. Data collection in this study is ongoing and it remains to be seen if
the nearly significant findings will become significant after more participants are tested.
The dynamometer measurements of PF strength are not direct measures of sprinting
performance, but they are measurements of performance that are very likely related to sprinting
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ability. We elected to study PF strength rather than sprinting performance because of the myriad
of other variables (including technique and reaction time) that influence sprint times.
Future work will address how (and whether) sprinters adapt to sprint training to achieve
musculoskeletal properties favorable for torque generation during rapid shortening.
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Chapter 1
Introduction
In recent years, sprinters have been a topic of interest in research studies because they
push the physiological limits of human functioning. Elite sprinters are able to function at such
high capacities due to both training effects and possible biological advantages that increase the
rate and magnitude at which they can generate ankle torque, or ankle moment. Ankle moment is
the force produced by the triceps surae muscles, multiplied by the perpendicular distance from
the center of rotation of the talocrural joint to the middle of the Achilles tendon, i.e. the
plantarflexor moment arm. Multiple factors contribute to increased joint moment such as muscle
size, composition, moment arm, and even neural factors.
While researchers are still investigating these determinants, perhaps the most influential
factor affecting joint moment is muscle size. The moment created at a joint is dependent upon
the force produced by the muscle and the leverage of the tendon. Studies have revealed that
muscle size (often represented by muscle volume or cross-sectional area) is also largely
responsible for joint torque production in both the upper and lower extremities. For example,
Fukunaga et. al (2001) found that muscle volume is a major determinant of torque at the elbow
joint. In a more recent study, Blazevich et. al (2009) found that up to 60% of the variance in
isometric ankle moment production was due to the muscle volume of the plantarflexor muscles.
Maughan et. al (1983) found that sprinters had larger muscle CSA than endurance runners, but
this difference was not significant. The sprinters did, however, have greater strength per unit
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CSA due to the fact that they have a higher proportion of fast twitch muscle fibers compared to
endurance runners.
Muscle size can predict maximal plantarflexion moment only to a certain degree.
Sprinters seem to possess other complementary characteristics that allow them to produce large
plantarflexor muscle forces during rapid plantarflexions. Abe et. al (1999), for example, found
that sprinters have longer plantarflexor fascicles and smaller pennation angles than distance
runners have. Both of these factors help to determine the rate at which sarcomeres shorten, and
sarcomere shortening velocity is known to affect muscle force production via the force-velocity
property of muscle (Hill 1938). All else being equal, muscles that shorten quickly cannot
generate as much force as muscles that shorten slowly.
Recent studies have revealed that the structure of the foot and ankle may be another
anatomical characteristic that allows sprinters to perform at a high level. Lee and Piazza (2009)
recorded that sprinters have plantarflexor moment arms that are 25% shorter than those of
untrained individuals. While a shorter moment arm puts the plantarflexor muscles at a leverage
disadvantage, ultimately producing a smaller moment in static situations, it also reduces the rate
of muscle fiber shortening. This effect allows sprinters to maintain the muscle force necessary at
higher joint rotation velocities, such as those experienced in maximal sprinting, to maintain
contact with the ground for longer periods of time.
Baxter et al. (2014) attempted to establish a link between Achilles tendon lever arm and
mitigation of force-velocity effects by measuring ankle strength during plantar flexion in nonsprinters. Subjects with larger moment arms produced larger plantarflexor torque. However, as
the rate of ankle rotation increased, a reduction in the association between large plantarflexor
moment arms and torque was seen. Baxter et al. also found that the subjects (non-sprinters) with
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smaller plantar flexor moment arms experienced a smaller reduction in torque at increased rates
of ankle joint rotation. It remains unclear, however, whether smaller Achilles lever arms, or other
sprinter characteristics such as longer fascicles or smaller pennation angles, actually mitigate
force-velocity effects in sprinters, effectively giving them partial immunity to the reduction in
plantarflexor strength that accompanies rapid plantarflexion.

Objectives

The purpose of this study is to test a group of trained sprinters as well as a control group
of non-sprinters to determine whether sprinters’ ankle strength at high plantarflexion velocities is
higher relative to the isometric strength. Should such a difference be found, a secondary goal is
to identify correlations between musculoskeletal architecture variables and strength that may be
explain the relative strength differences between groups. This work is based on the findings of
Baxter et al. (2014) that healthy young men with small plantarflexor moment arms experienced a
smaller reduction in torque generating capacity at high rates of ankle rotation, as well as the
findings of Lee and Piazza (2009) that sprinters have 25% smaller moment arms compared to
non-sprinters. The results from this study will help us bridge the gap in the literature and
understand fundamental relationships between structure of the musculoskeletal system and
locomotor function.

The specific aims of this thesis are as follows:
1. Make measurements of foot anthropometry (including Achilles tendon moment arm) in
both sprinters and non-sprinters.
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2. Determine lateral gastrocnemius fascicle length and pennation angle using ultrasound
imaging.
3. Test for differences between sprinters and non-sprinters in ankle strength based on
isometric and isokinetic dynamometer measurements.
Hypotheses:
Hypothesis #1: Sprinters will have smaller Achilles tendon moment arms than the nonsprinter control group.
Rationale: This hypothesis is based on the findings of Lee and Piazza (2009) that
sprinters have 25% smaller moment arms than non-sprinters using the tendon
excursion method. Baxter et al. (2011) found that sprinters have 12% smaller
moment arms through magnetic resonance imaging.
Hypothesis #2: Sprinters will have significantly longer gastrocnemius lateralis fascicles
and smaller pennation angles than non-sprinters.
Rationale: This hypothesis is based on reports that sprinters have longer fascicles
and smaller pennation angles than non-sprinters or other athlete groups (Abe,
Kumagai, and Brechue 2000).
Hypothesis #3: Sprinter ankle strength will be affected less by increasing rate of
plantarflexion when compared to the non-sprinter control group.
Rationale: This hypothesis is based on the findings of Baxter et al. (2014) in
which healthy young men with smaller plantarflexor moment arms experienced a
smaller reduction in torque at high ankle joint velocities compared to those with
larger moment arms. In addition, the enhanced force generation during shortening
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that may follow from having longer fascicles and smaller pennation angles should
mitigate the reductions in strength that should accompany rapid plantarflexion.
Hypothesis #4: Achilles tendon lever arm and plantarflexor fascicle length will be
associated with sprinters’ partial “immunity” to force-velocity effects.
Rationale: Lee and Piazza (2009) found that sprinters have larger lateral
gastrocnemius fascicle lengths when compared to non-sprinters. In combination
with smaller moment arms, larger fascicles may allow for higher force production
at increasing rates of plantarflexion.

Significance
This work will help us to understand better the connection between musculoskeletal
structure and the function of muscles in humans. Muscles are the motors that power human
movement and knowledge of muscle contributions is key to understanding high-level, elite
locomotion as well as impaired movement. These findings could be applied to understanding
mobility impairments in the elderly and in patients with neuromuscular disorders.
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Chapter 2
Literature Review

2.1 Force-Length Property of Muscle
In order to discuss the effect of musculoskeletal structures on torque generation during
isokinetic plantarflexion, functional properties of skeletal muscle such as the force-length
relationship must be first understood. The force-length property defines the dependence of
muscle force on muscle length, which will change with the angle of the joint spanned by the
muscle. Muscle fiber length affects both active and passive muscle force generating capacity.
These components of the muscle force are thought to act in parallel and thus total muscle force is
the sum of active force and passive force. Active force depends on sarcomere length (Gordon,
Huxley, and Julian 1966). Actin and myosin filaments within the sarcomere overlap too little at
long sarcomere lengths and overlaps destructively at short sarcomere lengths. This overlap
determines the number of crossbridges that can be formed between the contractile proteins.
When the largest number of crossbridges can forms, the maximum level of force is produced.
This maximum force occurs at some intermediate length called the optimum fiber length. Passive
muscle force is zero at short muscle lengths, but increases rapidly as length increases beyond
some minimum level. Total muscle force (the sum of active plus passive force) generally
increases with increasing muscle length.
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2.2 Force-Velocity Property of Muscle
Another important factor affecting torque generation during isokinetic plantarflexion is
the effect of muscle shortening velocity on muscle force production. The force-velocity
relationship of muscle is described as a decrease in force production as the speed of a shortening
contraction increases (Hill, 1938). Conversely, as the speed of shortening contraction decreases,
the force production of muscle increases, and muscle forces generated during eccentric
contractions may exceed the force produced isometrically. This relationship predicts that as the
rate of ankle plantarflexion increases, less force will be produced by plantarflexor muscles as
compared to the force produced during slower plantarflexions or isometric contractions.
Activities such as jumping and sprinting require the ankle to plantarflex at high angular
velocities, thus limiting the forces generated by plantarflexors during these activities.
This phenomenon is illustrated by the results of a recent study by Hauraix et al. (2013),
who examined the factors contributing to the shortening velocity of plantarflexor muscle-tendon
units. A force-velocity effect during plantarflexion was found (Figure 1); total plantarflexion
force decreased rapidly with increasing plantarflexion velocity. The authors also found “a high
inter-subject variability in the maximal shortening velocity of fascicles required to reach a given
isokinetic angular velocity,” meaning that some subjects needed to shorten their fascicles more
or less rapidly than others (Hauraix et al., 2013) for the same rotational speed at the joint. Muscle
fascicles could shorten less rapidly due to multiple factors, one being smaller pennation angles.
In order to reach a higher velocity it is beneficial to have smaller fascicle pennation angles
(Hauraix et al., 2013) because there is less horizontal fascicle distance. Larger pennate muscles
have larger horizontal fascicle lengths, causing the muscle to take longer to contract compared to
a muscle with a shorter pennation angle at the same velocity. Another contributor to force
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generation during shortening is a smaller moment arm. A smaller moment arm requires a lower
muscle-tendon shortening velocity to reach the same speed of contraction (Hauraix et al., 2013).
The authors of this study could were unable to confirm this phenomenon because they could not
accurately apply their method of moment arm estimation to compare them between subjects.

Figure 1. Patterns of shortening velocity
Patterns of shortening velocity of musculotendinous elements measured during plantar
flexions at different movement speed for the gastrocnemius lateralis. As seen in graph B,
he faster the contraction velocity, the more of a force drop-off there is (Hauraix et al.,
2013).

2.3 Musculoskeletal Architecture and Force Generation
Musculoskeletal architecture has the potential to influence muscle strength in ways that
can be counterintuitive. In an attempt to establish a relationship between muscular joint strength
and plantarflexion moment arm, Baxter and Piazza (2014) tested healthy young subjects in the
dynamometer at various rates of plantarflexion. Maximal plantarflexor torque was positively
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correlated positively with both plantarflexor moment arm and muscle volume. It was also
discovered that subjects with smaller plantarflexor moment arms experienced smaller reductions
in torque at high angular velocities (Baxter and Piazza, 2014). This phenomenon provides
evidence for the theory set forth by Hauraix et. al (2013) that smaller moment arms are more
efficient for reaching high ankle joint rotation velocities.
The effect of moment arm on joint torque production was previously investigated by
Nagano and Komura (2003) using a computational model of the plantarflexors. The results
corresponded to those of Baxter and Piazza (2014). Longer moment arms produced higher joint
torque values during isometric contractions, as expected, but once the isokinetic trials exceeded
120 °/s, torque production dropped significantly in the model with the larger moment arm. This
effect may be attributed to both the force-velocity and force-length effect of muscle. As the
plantarflexion velocity increases, so does the rate of fiber shortening, in turn reducing the
moment production at the ankle joint. As the ankle plantarflexes, the muscle fibers also shorten,
causing a decrease in moment production at the ankle joint due to the force-length property. It is
clear that both the force-velocity and force-length properties of muscle affect plantarflexion
moment production, but the degree to which each one contributes to loss of muscle force and
joint moment has not yet been determined.
Blazevich et al. (2009) attempted to identify multiple anatomical predictors of knee joint
moment using isometric and isokinetic knee extensor tests. Their results corresponded to those of
Fukunaga et al. (2001) in that muscle volume was the most strongly correlated variable with
isometric moment production. The authors also found that physiological cross sectional area
multiplied by fascicle length was a significant contributor to predicting joint moment at high
plantarflexion velocities. Patellar tendon moment arm moderately correlated with isometric
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moment, but not with high-velocity isokinetic moment production. This finding is similar to
previous studies which revealed that plantarflexor moment arm positively correlated with
moment production, but this relationship was not maintained at higher plantarflexion velocities
(Baxter and Piazza, 2014).
In a study of muscle contraction velocity during isokinetic knee extension, Ichinose et al.
(2000) found that the shortening velocity of muscle fascicles is constantly varying, even at
constant angular velocities, due to changes in moment arm length at different joint angles. An
increase in moment arm causes an increase in the rate at which muscle tendon unit length
changes with joint angle. In this way, moment arm modulates force-velocity effects. The authors
also discovered that muscle pennation angle increased during maximal isokinetic knee extension;
however, this effect was considered negligible and did not affect the relationship between the
fascicles and muscle tendon unit. Interestingly, the authors found that peak torque was more
representative of typical force-velocity effects than angle-specific torque, a commonly used
method in determining the force-velocity effect of muscle. Rather than using specific joint angles
to determine force-velocity effects, comparing peak torque may be more beneficial.
Muscle volume is also a major determinant of joint torque production as seen in a study
of the elbow (Fukunaga et. al 2001). Other studies have revealed a large variation in maximal
plantarflexor torque due to muscle volume as well (Gadeberg, Andersen, Jakobsen 1999).
Fukunaga et. al (2001) hypothesized that torque is dependent on muscle volume when the
moment arm to fascicle length ratio, in addition to pennation angle, does not vary across
individuals. While it may be useful to consider torque to be dependent on muscle volume, there
are simply too many variables that must remain constant in order for studies including
differences across groups to make this assumption.

11

2.4 Musculoskeletal Architecture and Force Generation in Sprinters
Although muscle volume and moment arms may be important factors in torque
generation at a joint, other elements notably contribute to plantarflexion properties as well. In
addition to torque production, the rate of ankle plantarflexion plays an important role in high
speed activities such as sprinting. Longer fascicles, representing longer muscle fibers in series,
allow for muscle force generation at high shortening velocities, and fascicle length has been
shown to correlate with sprinting performance (Abe et al. 2000). Abe et al. (2000) found that
several isolated muscle groups of the lower leg in sprinters contain significantly longer fascicles,
when normalized to limb length, to both distance runners and controls. There were no differences
between fascicle length in distance runners and the control group. Sprinters require these longer
fascicles to rotate their ankles faster while sprinting, whereas distance runners do not have a need
for faster ankle rotation.
High rates of ankle rotation can likely be attributed to multiple factors, such as moment
arm and fiber length, rather than just one. The muscle fiber length-to-moment arm ratio affects a
joint’s ability to maintain speed or force production (Maganaris, Dimitrios, and Tsaopoulos
2006). Therefore, sprinters presumably have higher muscle fiber length-to-moment arm ratios
since it has already been found that their fascicles are longer than those of distance runners (Abe
et al. 2000) and that their moment arms are smaller than those of non-sprinters (Lee and Piazza,
2009; Baxter et al. 2012). A large muscle fiber length-to-moment arm ratio allows for high rates
of ankle plantarflexion, which would be highly beneficial for sprinters.
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In addition to a 50% higher fascicle length to moment-arm ratio compared to nonsprinters, Lee and Piazza (2009) found that sprinters had Achilles tendon moment arms 25%
shorter than those of non-sprinters using the tendon excursion method. A shorter moment arm, in
combination with longer fascicles, allows for a reduced fiber shortening velocity, which is
beneficial for successful sprinting. Reduced fiber shortening velocity is beneficial during rapid
plantarflexion because sarcomere length is better maintained. Lee and Piazza (2009) also found
that sprinters have longer toes and shorter lower legs than non-sprinters. Longer toes of sprinters
allow them to maintain contact with the ground for slightly longer periods, giving them more
time to generate force.
In a further investigation of sprinters, Baxter et al. (2011) found that sprinters had 12%
shorter Achilles tendon moment arms and 6.2% longer first phalanges than those of non-sprinters
through the use of magnetic resonance imaging. These results likely differ from those of Lee and
Piazza (2009) because different methods were used to obtain measurements of the Achilles
tendon moment arm. An unexpected result was that the Achilles tendon moment arm did not
differ between groups due to the calcaneus (heel bone) being shorter, but rather due to a more
posterior center of rotation of the tibiotalar joint. A simulation was created to predict the effects
of having a smaller Achilles tendon moment arm and larger toes. The simulation revealed that
this combination has the potential to greatly increase plantarflexor work, however no human
trials testing plantarflexor work were performed.
Harrison et al. (2004) found that sprinters were able to produce higher moments during
isokinetic knee extension than endurance runners; however they were unable to attribute this
difference to any specific musculoskeletal variables. The authors speculated that sprinters utilize
stiffer leg spring muscles than non-sprinters, but stated that more research was needed to test this
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hypothesis. Other explanations were that the torque differences in groups during isokinetic knee
extensions were due to fiber type and muscle contraction velocity differences between sprinters
and non-sprinters that were not investigated in the study. In order to better understand the
specific anatomical differences that allow sprinters to produce higher torque values during
isokinetic contractions, further investigation appears to be needed.
In concordance with the prediction of Harrison et al. (2004), Kubo et al. (2011) found
that sprinters had sprinters muscles that were stiffer than those of untrained subjects, however
their tendons were more compliant. The knee extensor tendons of sprinters were less stiff than
those of untrained subjects, but this did not hold true for the plantarflexor tendons. Kubo et al.
(2011) also correlated vastus medialis thickness with the fastest 100m record times of the
subjects, indicating that sprinters with larger medial quadriceps muscle volume perform better in
sprint races.

2.5 Inter-sprinter Comparisons
It has become clear through the investigation of the literature that various anatomical
structures of sprinters vary greatly from those of non-sprinters. Interestingly, there are yet further
differences between different tiers of sprinters. Perhaps comparing elite sprinters with non-elite
sprinters can help determine which musculoskeletal variations are more beneficial for moment
production at higher speeds. Kumagai et al. (2000) found that sprinters with 100m times between
10-10.9s had significant musculoskeletal architecture differences than sprinters with 100m times
of 11-11.9s. While there were no significant differences in height, weight, or limb length
between groups, the faster group had longer fascicles, larger muscle thickness in the upper thigh,
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and greater lateral gastrocnemius thickness. From these data it can be concluded that lateral
gastrocnemius thickness and longer fascicles are predictors of greater sprint performance.
Contrary to other studies, Karamanidis et al. (2011) claim that musculoskeletal
architecture is not responsible for differences in sprinting ability. The authors found no
differences between groups of sprinters (fast = 10.3 ± 0.07 s, slow = 10.7 ± 0.08 s) in Achilles
tendon moment arm, foot and ankle skeletal geometry, or fascicle length, nor did these
parameters correlate with sprint performance. While these findings contradict most of the
literature pertaining to sprinters, the study compared sprinters within a relatively small
performance range whereas much of the literature compares sprinters with non-sprinters or
sprinters with higher performance times.
Sprinters have been a topic of interest in biomechanics in recent years due to their
exceptional ability to utilize their musculoskeletal structures to their advantage. From these
studies a few notable parameters have been identified that seem to help sprinters quickly produce
large forces force at high shortening velocities. These include: smaller moment arms, larger
muscle volumes, longer fascicles, and lesser pennation angles. The degree to which each of these
variables contributes to sprinting ability is not known, but sprinters that have these properties
appear to perform better than those who do not.
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Chapter 3
Materials & Methods

Subjects
Sixteen healthy young adults between the ages of 18 and 30 were tested. The group
comprised 10 recreationally active control subjects and 6 club-level collegiate sprinters,
classified as having at least two consecutive years of sprint training. One control subject was
omitted from the analysis due to a missing piece of data. There were no significant differences
between the sprinter and non-sprinter groups in terms of stature, mass, BMI, or age (Table 2) (all
p ≥ 0.541). All subjects had a BMI of less than 30 kg/m2, had no history of ankle or foot injury or
surgery in the past year, and had no history of rheumatoid arthritis or other degenerative joint
diseases. The investigators recruited subjects by word of mouth and flyers posted in approved
locations of the Pennsylvania State University campus. The Institutional Review Board of the
Pennsylvania State University approved all human subject testing procedures and recruitment
processes for STUDY00003075. All subjects provided written and informed consent prior to
testing.
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Achilles Tendon (Plantarflexor) Moment Arm

The talocrural joint axis of rotation (Figure 2) passes through the medial and lateral
malleoli (Hertel 2002). In order to estimate the axis of rotation, the most lateral protrusion of the
lateral malleolus on the subject’s ankle was marked. Previous studies have defined the
plantarflexor moment arm as the shortest perpendicular distance between the ankle joint center
of rotation and the midline of the Achilles tendon (Baxter and Piazza 2014). The Achilles tendon
moment arm was measured by taking a picture (Figure 3) of the subject’s right ankle while
standing on a wooden block with centimeter measuring tape on the side (see appendix A). After
each test the photos were transferred and secured to restricted access data storage. The picture
was then analyzed using a custom written Matlab (The Mathworks, Inc.; Natick, MA) program
that estimates the distance between the axis of rotation of the talocrural joint and the Achilles
tendon (see appendix B). The measurement of the distance between the Achilles tendon moment
arm and the lateral malleolus on the image was originally in pixels. In order to get a metric
measurement for moment arm, the program was scaled to pixels/cm. The pixel/cm ratio was then
compared to a known distance in centimeters on the image (see appendix C for equations).
In order to test the accuracy of the program, 1 cm gridlines were placed on the
measurement block and place holders were placed at known distances from each other. Images
of these place holders analyzed by the program were able to provide measurements within 0.02
cm of the known value for multiple images. While the margin of error within the program has
been minimalized by testing the distances between placeholders, some error may have occurred
when attempting to find bony landmarks on the subjects’ ankles. In addition to possible error, in
measurement, the distance used is meant to be representative of the Achilles tendon moment arm
and is not a physical measure.
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Figure 2. Talocrural Joint Axis of Rotation
(Hertel 2002)
Ultrasonography and Calf Measurements
Prior to imaging, the subject’s lower shank was measured from the lateral condyle of the
tibia to the most inferior point of the lateral malleolus. Calf circumference was measured at a
location 30% of this distance from the lateral condyle of the tibia. The ultrasound images were
also captured at 30% down the lower shank in line with the middle of the belly of the GL muscle
in order to find the thickest portion (Abe, Kondo, Kawakami, & Fukunaga, 1994). B-mode
ultrasonography (Aloka 1100; transducer: SSD-625, 7.5 MHz and 39 mm scan width) was used
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Figure 3. Estimation of Achilles Moment Arm
The lens of the camera was placed 40cm away from the edge of the wooden block. Once
the image was uploaded to Matlab, points 1-4 were marked. Point 1 represents a known
distance for calibration. Point 2 is the most prominent point of the lateral malleolus
(representing the axis of rotation of the talocrural joint). Point 3 is the Achilles tendon.
Point 4 is the most prominent point of the heel. The distance between point 2 and 3 is
used as the estimation of the Achilles tendon moment arm.

Figure 4. Gastrocnemius Lateralis Ultrasonography
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The ultrasound image was captured at 30% down the lower shank of the right leg. The
most superficial muscle (top of the image) is the GL muscle. Point 1 is the thickest
distance between the most superficial aponeurosis and the aponeurosis between the GL
and soleus, used to determine t. Point 2 represents the pennation angle of the fascicles.

to capture still images of the gastrocnemius lateralis (GL) as each participant stood in a relaxed
position with their feet shoulder width apart. Ultrasound gel was applied to the probe and
subject’s skin in order to properly transmit the acoustic waves between the probe and the tissue.
Five images were captured for each subject with the probe aligned along the muscle belly
(Figure 4). In order to reduce variation in pennation angle and GL thickness (t) due to slight
movements, the subjects stood still in anatomical position. Images were saved as .tif files and
transferred to a secure computer.
Once the images were obtained, ImageJ software (ImageJ, National Institutes of Health;
Bethesda, MD) was used to analyze the photographs. The widest portion between the superficial
and deep aponeuroses of the GL was measured to obtain t as seen in Figure 3. Pennation angle of
the fascicles was then measured at the thickest point of the GL. Fascicle length (lF) was
calculated using these measures according to lF = t / sin(ɵ).

Plantarflexor Strength Testing
Plantarflexor strength was measured while subjects were seated in a System 3 isokinetic
dynamometer (Biodex Medical Systems, Shirley, NY) with the right foot unshod and strapped
into a footplate in the neutral position. The right knee was fully extended and the thigh was
strapped into the chair in order to prevent assist from non-plantarflexor muscles. A strap crossed
the subject’s waist in order to prevent them from moving forward in the seat. Neutral ankle
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position (0°) was defined as the foot being at a right angle with the footplate and the lower shank
(Baxter and Piazza 2014). With respect to the neutral position, dorsiflexion was defined as
negative and plantarflexion positive. The maximum dorsiflexion angle was -10° and the
maximum plantarflexion angle was 30°. A leveled laser pointer aligned the subject’s lateral
malleolus with the axis of rotation of the motor spindle on the dynamometer. Alignment of the
talocrural joint axis of rotation with the motor spindle of the dynamometer is crucial for
successful plantarflexion strength testing. If the plantarflexion axis of rotation is above the motor
spindle, the torque reading will be higher than it should be due to what is equivalent to an
increased moment arm. If the lateral malleolus is below the motor spindle, the torque reading
will be smaller than it should be.
All plantarflexion strength testing was maximal and torque was measured through both
isometric and isokinetic tests. The isometric testing consisted of the subjects pushing against the
footplate as hard as possible for 2 s with the ankle in neutral position. In attempt to get subjects
to maximally plantarflex, the experimenter provided verbal encouragement. Subjects performed
3 sets of 5 maximal repetitions with 5 s rest in between each repetition and 1 min rest in between
sets. The first set was used to acclimate the subject to the testing and allow for consistent peak
torque values in subsequent sets. The maximal torque value of the 15 trials was recorded as the
maximal isometric strength value. Isokinetic plantarflexion tests were performed at rotational
velocities of 30 °/s, 120 °/s, and 210 °/s while the subject maximally contracted. Subjects
initiated the isokinetic test with a handheld button. Each subject was instructed to reach maximal
plantarflexion contraction prior to pushing the button, then to continue pushing as hard and fast
as possible against the footplate all the way through the rotation. The experimenter also provided
verbal encouragement for the isokinetic trials. Subjects performed 5 repetitions at each speed for
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1 set with 5 s of rest in between each repetition and 1 min of rest in between each set. Three sets
were completed by each subject with at least 1 minute of rest in between sets. The maximal
torque values at each speed were recorded as the ankle passed through the neutral position in
order to minimize force-length effects of muscle on torque values. A subject with a slightly
dorsiflexed ankle with lengthened fibers may appear to be producing higher torque values than if
the ankle was in neutral position. In order to reduce this variance between subjects, all maximal
isokinetic torque values were recorded in the neutral ankle position.

Statistical Analysis
A mixed model ANOVA was performed to analyze the ankle plantarflexion tests. The
sprinters and non-sprinters served as the between-subjects factor and the maximum isokinetic
plantarflexor moment as a percentage of isometric moment was the within-subjects factor. Posthoc analyses were used to examine differences between group means. Simple correlation and
regression analysis was used to measure the association between isometric and isokinetic
moment production and variables such as GL fascicle length, thickness, pennation angle,
moment arm, and other variables.
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Chapter 4
Results
Subjects in both groups saw significant reductions in strength at each level as the speed
increased; ANOVA revealed a main effect for speed (p < 0.001). The sprinters were stronger
than non-sprinters at all speeds tested (Table 1; Figure 4), but these differences were not
statistically significant. There was a trend toward a significant interaction between group and
speed (p = 0.113). Sprinters produced higher moment values at all speeds than non-sprinters,
although not statistically significant (all p > 0.1). The sprinters were better able to produce a
higher percentage of their isometric moment at the highest plantarflexion speed (210 °/s) than
non-sprinters, however this was not statistically significant (p = 0.0911).
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Figure 5. Plantarflexion Velocity vs Isokinetic Moment Production
Sprinters maintained PF strength better at higher speeds than at lower speeds, though this
difference between groups was not significant (p = 0.113).
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Table 1. Isokinetic and Isometric Plantarflexion Strength
Torque values were measured at the neutral ankle position for isometric values and as the ankle
passed through 0° for isokinetic values. P-values are from unpaired t-tests for differences
between group means.
Parameter

Non-sprinters

Sprinters

p

Miso (Nm)

158 ± 29.16

169.23 ± 28.71

0.4752

M30 (Nm)

120.98 ± 25.80

134.58 ± 30.02

0.3649

M30 / Miso (%)

76.99 ± 10.39

78.92 ± 6.73

0.6961

M120 (Nm)

106.38 ± 22.21

127.53 ± 28.03

0.1269

M120 / Miso (%)

67.98 ± 11.35

74.71 ± 29.97

0.2004

M210 (Nm)

92.28 ± 20.63

115.65 ± 2.11

0.0952

M210 / Miso (%)

58.64 ± 9.67

67.48 ± 8.39

0.0911

Table 2. Subject Characteristics
P-values are from unpaired t-tests for differences between group means.
Parameter

Non-sprinters

Sprinters

p

Age (y)

21.18 ± 2.26

21.62 ± 1.94

0.7055

Height (cm)

179.13 ± 5.81

177.55 ± 2.34

0.5409

Weight (kg)

78.74 ± 16.49

74.42 ± 5.40

0.5497

BMI (kg/m2)

24.48 ± 4.62

23.59 ± 1.40

0.6580

Lower leg length (cm)

42.67 ± 2.15

42.12 ± 1.99

0.6225

Calf circumference (cm)

38.25 ± 4.08

37.45 ± 2.11

0.6679
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Table 3. Musculoskeletal Architecture Parameters

Parameter

Non-sprinters

Sprinters

p

Moment arm (cm)

4.28 ± 0.38

4.31 ± 0.36

0.9052

GL Pennation angle (deg)

15.23 ± 2.04

12.63 ± 1.39

0.0178

GL t (mm)

16.09 ± 2.48

17.60 ± 2.55

0.2746

GL lF (mm)

61.57 ± 7.90

81.34 ± 15.66

0.0063

P-values are from unpaired t-tests for differences between group means.

The sprinter and non-sprinter groups were similar in age, height, weight, and body mass
index (Table 2), with no significant differences found between groups in any of these
characteristics (all p > 0.5409). No differences in moment arm were found between groups
(Table 3) (p = 0.9052). Sprinters had smaller gastrocnemius lateralis (GL) pennation angles than
non-sprinters (p = 0.0178). Although the GL thickness (t) was smaller in sprinters than nonsprinters, it was not statistically different (p = 0.2746). GL fascicle length (lF) was greater in
sprinters than non-sprinters (p = 0.0063).
Strong correlations that were nearly significant were found between maximal isometric
torque generation and lF (Figure 6) in sprinters (R2 = 0.6433, p = 0.0549) but no such correlations
were found in non-sprinters (R2 = 0.01539, p = 0.7505). Similar correlations were seen for
maximal isokinetic torque production at 210 °/s and lF in sprinters (R2 = 0.5789, p = 0.0789) but
not in non-sprinters (R2 = 0.0211, p = 0.7091). Results for these correlations performed using
moments measured at 30 °/s and 120 °/s are presented in Appendix D.
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Figure 6. Fascicle Length vs Plantarflexor Stregth
Maximal moment production measured during isometric (top) and isokinetic (bottom)
plantarflexion versus GL fascicle length. Positive correlations were found for isometric
trials in sprinters (R2 = 0.6433, p = 0.0549), but not in non-sprinters (R2 = 0.01539, p =
0.7505). Similar correlations were found for isokinetic trials for sprinters
(R2 = 0.5789, p = 0.0789), but not in non-sprinters (R2 = 0.0211, p = 0.7091).
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Figure 7. GL Thickness vs Plantarflexor Strength
Maximal moment production measured during isometric (top) and isokinetic (bottom)
plantarflexion versus GL thickness. Positive correlations were found for isometric trials
in sprinters (R2 = 0.9449, p = 0.0012), but not in non-sprinters (R2 = 0.1695, p = 0.2708).
Similar correlations were made for isokinetic trials in sprinters (R2 = 0.9003, p = 0.0039),
but not in non-sprinters (R2 = 0.3042, p = 0.1237).
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Strong, positive correlations were found between maximal isometric moment production
and GL thickness (Figure 7) in sprinters (R2 = 0.9449, p = 0.0012), but not in non-sprinters (R2 =
0.1695, p = 0.2708). Strong, positive correlations were also found for the fastest isokinetic trials
in sprinters (R2 = 0.9003, p = 0.0039), but not in non-sprinters (R2 = 0.3042, p = 0.1237). Results
for these correlations performed using moments measured at 30 °/s and 120 °/s are presented in
Appendix E.
Pennation angle was not correlated with moment production in sprinters at maximal
isometric (R2 = 0.0022) or isokinetic (R2 = 0.0001) plantarflexion trials (Figure 8). Slight,
positive correlations were found between pennation angle and maximal isometric (R2 = 0.1058)
and isokinetic (R2 = 0.2043) plantarflexion in non-sprinters, but neither of these values were
significant (p = 0.3931 and 0.2219, respectively). Results for these correlations performed using
moments measured at 30 °/s and 120 °/s are presented in Appendix F
No correlation was found between maximal isometric plantarflexion and Achilles tendon
moment arm (Figure 9) in sprinters (R2 = 0.0090), or in non-sprinters (R2 = 0.0518). Maximal
isokinetic plantarflexion had no correlation with Achilles tendon moment arm in sprinters (R2 =
0.1870, p = 0.3918), or non-sprinters (R2 = 0.0216). Results for these correlations performed
using moments measured at 30 °/s and 120 °/s are presented in Appendix G
The ratio of fiber length to Achilles tendon moment arm was positively correlated with
maximal isometric plantarflexion in sprinters (R2 = 0.5253, p = 0.1032) but not in non-sprinters
(R2 = 0.0405, p = 0.6038), although neither of these values were significant (Figure 10).
Maximal isokinetic plantarflexion was more weakly correlated with fiber length to Achilles
tendon moment arm ratio in sprinters (R2 = 0.2892, p = 0.2711) and non-sprinters (R2 =
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0.04584, p = 0.5802). Results for these correlations performed using moments measured at 30 °/s
and 120 °/s are presented in Appendix H.
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Figure 8. Pennation Angle vs Plantarflexor Strength
Maximal moment production measured during isometric (top) and isokinetic (bottom)
plantarflexion versus GL pennation angle (). Slightly positive correlations were found
for isometric (R2 = 0.1058) and isokinetic (R2 = 0.2043) plantarflexion in non-sprinters,
but neither of these values were significant (p = 0.3931 and 0.2219, respectively).
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Figure 9. Moment Arm vs Plantarflexor Strength
Maximal moment production measured during isometric (top) and isokinetic (bottom)
plantarflexion versus Achilles tendon moment arm. No correlation was present between
sprinters (R2 = 0.0090) or non-sprinters (R2 = 0.0518) at isometric trials or isokinetic
trials (R2 = 0.1870, p = 0.3918 and R2 = 0.0216).
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Figure 10. FL - MA Ratio vs Plantarflexor Strength
Maximal moment production measured during isometric (top) and isokinetic (bottom)
plantarflexion versus fiber length to Achilles tendon moment arm ratio. Positive
correlations were found for sprinters at isometric plantarflexion (R2 = 0.5253, p = 0.1032)
but not non-sprinters (R2 = 0.0405, p = 0.6038), though not significant. Slight, positive
correlations were found for sprinters at isokinetic plantarflexion (R2 = 0.2892, p =
0.2711), but not non-sprinters (R2 = 0.04584, p = 0.5802), though not significant.
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Although GL lF was correlated with maximal isometric and isokinetic plantarflexion
moment production in sprinters, it was not correlated with height in sprinters (R2 = 0.0046, p =
0.8979) or in non-sprinters (R2 = 0.1240, p = 0.3527) (Fiure 11). GL lF was not correlated with
body mass (Figure 12) in sprinters (R2 = 0.2911, p = 0. 0.2693) or in non-sprinters
(R2 = 0.0169, p = 0.7385).

Figure 11. Height vs Fascicle Length
No significant correlations were found between GL fascicle length and height for
sprinters (R2 = 0.0046, p = 0.8979) or in non-sprinters (R2 = 0.1240, p = 0.3527).
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Figure 12. Body Mass vs Fascicle Length
GL fascicle length versus body mass. No significant correlations were found between
fascicle length and weight in sprinters (R2 = 0.2911, p = 0. 0.2693) or in non-sprinters (R2
= 0.0169, p = 0.7385).

No significant correlations were found between GL t and height (Figure 13) for sprinters
(R2 = 0.1188, p = 0.5035) or for non-sprinters (R2 = 0.0585, p = 0.5307). Although GL t had a
moderate correlation with body mass (Figure 14) in sprinters (R2 = 0.4524), it was not significant
(p = 0.1433). GL t was not significantly correlated with body mass in non-sprinters (R2 = 0.1664,
p = 0.2758).
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Figure 13. Height vs GL Thickness
No significant correlations were made between GL t and height for sprinters
(R2 = 0.1188, p = 0.5035) or for non-sprinters (R2 = 0.0585, p = 0.5307).
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Figure 14. Body Mass vs GL Thickness
A slight correlation with body mass was found in sprinters (R2 = 0.4524), though not
significant (p = 0.1433). GL t was not significantly correlated with body mass in nonsprinters (R2 = 0.1664, p = 0.2758).

37

Chapter 5
Discussion
The results of this thesis support the hypothesis that sprinters’ strength decreases less
with increasing rate of plantarflexion in comparison to the control group (Figure 4). There was a
trend towards significant interaction between group and speed (p = 0.113), suggesting that
sprinters may see less of a decrease at high speeds than do non-sprinter controls. While there was
not a significant difference in isometric plantarflexion moment between groups, sprinters
produced higher moments at each isokinetic speed (Table 1), with the differences coming closer
to significance as the speed increased (p = 0.0952 at 210 °/s). The torque values measured are
similar to those found in previous studies for non-sprinters, however, sprinter plantarflexion
torque data could not be found in the literature. Baxter and Piazza (2014), for example found
isometric torque values of 169.4 ± 52.9 Nm for healthy young men. They also found isokinetic
(30, 120, and 210 °/s) torque values of 129.6 ± 47.5 Nm, 92.0 ± 35.4 Nm, and 76.1 ± 28.1 Nm,
respectively. To control for the possibility of strength differences between groups, isokinetic
moments were normalized by percentages of maximal isometric moment for this study. Sprinters
produced a higher percentage of their maximal isometric plantarflexion torque at 210 °/s (67.48
± 8.39 %) than did non-sprinters (58.64 ± 9.67 %) (p = 0.0911). These findings did not appear
attributable to anthropometric differences between groups as there were no significant
differences in height, body mass, lower leg length, or calf circumference (all p > 0.5).
Differences in isokinetic plantarflexion moment production between sprinters and non-sprinters
may, however, be related to musculoskeletal architecture differences among groups.
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Among the differences in musculoskeletal architecture was that sprinters were found to
have longer GL fascicle lengths (lF) (81.34 ± 15.66 mm) than non-sprinters (61.57 ± 7.90) (p =
0.0063; Table 3). The fascicle lengths measured are similar to those found in previous studies for
sprinters and non-sprinters, and similar differences between sprinters and non-sprinters have
been found. Abe et al. (2000), for example found fascicle lengths of 8.04 ± 1.47 cm and 7.16 ±
1.44 cm for sprinters and non-sprinters, respectively. GL lF has been positively correlated with
both isometric and isokinetic (210 °/s) moment production in sprinters, but not in non-sprinters
(Figure 6). To our knowledge, we are the first to find these correlations between plantarflexor
moment production and fascicle length in sprinters. Correlations between fascicle length and
isometric moment production in sprinters may be explained by the force-length relationship.
Longer fascicle length may cause sprinters’ sarcomeres to nearer to an optimal length (where
force is maximized) when the ankle is in neutral position and the sarcomeres of non-sprinters
may be shorter, producing less force. Correlations between isokinetic plantarflexion moment
production and fascicle length in sprinters also may be due to force-velocity effects. Longer
fascicles with more sarcomeres permit sprinters’ sarcomeres to have a reduced fiber shortening
velocity (Lee and Piazza 2009), thus enhancing sprinters’ muscle force generation at higher rates
of plantarflexion. The longer fascicle length of sprinters also means that when the muscle is fully
shortened during plantarflexion, the fascicles are still longer than those of non-sprinters when
their muscles are fully shortened. This allows sprinters to produce more force while the
plantarflexors are fully shortened in comparison to non-sprinters.
Results from the present study also revealed that GL t was highly correlated with both
isometric and isokinetic (210 °/s) plantarflexion moment production in sprinters, but not in nonsprinters (Figure 6). This highly significant correlation for sprinters is interesting because there
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was no significant difference in GL t between sprinters and non-sprinters (Table 3), meaning that
non-sprinters with similar GL t values are unable to produce similar plantarflexor moments to
sprinters. GL t values for sprinters are similar to those reported by Kumagai et al. (2000) of
sprinters with 100m times of 11-11.7 s (1.71 ± 0.20 cm). The correlation between GL t and
isometric moment production may be representative of larger muscle volume in the GL, as larger
muscle volume has been found to be a predictor of isometric torque generation (Fukunaga et al.
2001). It is also quite possible that sprinters are better able to neutrally activate their
musculoskeletal junctions, due to sprint training, than non-sprinters. There are multiple possible
explanations as to why GL t values are correlated with isometric strength in sprinters, but not in
non-sprinters, however it is unclear which the determining factor is.
Our hypothesis that sprinters would have smaller pennation angles than non-sprinters was
supported by the present data (Table 3). Although there was a statistical difference between
pennation angles of the two groups, pennation angle was not correlated with any type of moment
production (Figure 7). These results indicate that pennation angle does not aid in isokinetic or
isometric plantarflexion moment production in sprinters or non-sprinters. Pennation angles for
sprinters were slightly lower than those found in previous studies. Karamanidis et al. (2011)
found pennation angles of 14.3 ± 2.3 and 15.0 ± 2.3 for fast and slow sprinters, respectively,
however the sprinters in this study were better trained than the sprinters used in the present
study.
The hypothesis that sprinters would have significantly smaller Achilles tendon moment
arms was not supported by the data (Table 3). Achilles tendon moment arm was not correlated
with isometric strength for sprinters or non-sprinters. While there was a very slight correlation
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between Achilles tendon moment arm and isokinetic strength at 210 °/s (Figure 8) for sprinters
(R2 = 0.1870), it was not significant (p = 0.3918).
Certain limitations affected the present study. Most notably, the measures of plantarflexor
moment production relied on subjects voluntarily performing maximal contractions. Since we
did not use electromyography on the subjects, there is no true way to tell if the subject was
maximally contracting each time. EMG use could aid in the experimentation process in two
different ways. EMG readings would allow the experimenter to assure that the subject is putting
the same amount of effort into each contraction. EMG stimulation would allow the experimenter
to create maximal voluntary contractions in the subject’s muscle, however this is invasive and
can be painful so it is not recommended. Although verbal encouragement was used in attempt to
get subjects to maximally plantarflex, their strength output was still under control of the subject
and not the experimenter. It is also possible that, despite our attempts to prevent it, misalignment
of the center of rotation of the talocrural joint and the motor spindle on the dynamometer
occurred. If this were to happen, strength values would be altered and would not represent actual
isometric and isokinetic strength values of the subjects.
Other limitations could have affected our ultrasonography measures. Too much pressure
being applied to the probe on the subject’s lower leg causes a compression of the GL muscle,
affecting GL t values as well as GL pennation angles. If both of these values are altered, GL lF
would change as well since it is dependent upon them. Care was taken by the experimenter to
learn proper ultrasonography techniques prior to experimentation in order to avoid any
alterations in data collection. It is also possible that these values would be altered by the subject
moving slightly, which is why subjects were asked to stand still in the anatomical position.
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It is possible that the Achilles tendon moment arms measured were not representative of the
actual Achilles tendon moment arms. The values obtained from photographs of the foot are not
direct measurements of Achilles tendon moment arms. Perhaps if MRIs were used to obtain
Achilles tendon moment arm values, differences between sprinters and non-sprinters may have
been found.
The scope of the study was limited by the subjects that were available for testing. All
subjects met the requirements set forth by the IRB protocol. All sprinter subjects had at least two
years of sprint training, however they were all club-level sprinters, not varsity-level or “elite”
runners. The experimenters will continue to collect more data and obtain more sprinter subjects,
testing varsity athletes if possible.
This experiment tested whether sprinters are less affected by the effects of speed than
non-sprinters when generating maximal PF moments in a dynamometer; and if enhanced
isokinetic PF strength among sprinters is associated with variation in musculoskeletal structure.
The data supported the hypothesis that sprinters would be less affected by increasing isokinetic
plantarflexion speed than non-sprinters in a trend towards significance. Strong, significant
correlations were found between fascicle length and isometric and isokinetic speed as well as
thickness of the gastrocnemius lateralis muscle and isometric and isokinetic speed, supporting
the hypothesis that variations in musculoskeletal structure between sprinters and non-sprinters is
associated with enhanced isokinetic PF strength. To our knowledge, we were the first to test
sprinters’ isokinetic and isometric plantarflexion strength in a dynamometer along with
measuring musculoskeletal and anthropometric parameters. While similar research has been
done on young healthy men (Baxter and Piazza, 2014), differences among sprinters and nonsprinters were not investigated.
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The research from this thesis is continuing to develop and data are still being collected
(additional sprinters are being tested). The results will be analyzed and reassessed again once
more data have been collected. Future work will address how (and whether) sprinters adapt to
sprint training to achieve musculoskeletal properties favorable for torque generation during rapid
shortening.
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Appendix A
Instructions for Moment Arm Measure Matlab program


The line drawn on top of the block is 10.5 cm away from the edge of the block with the
ruler on it
Data collection:











Place the block in a level spot on the floor.
Measure exactly 40cm away from the edge of the block, place the camera at this point
(be sure that the camera is perpendicular to the block and the ground).
Draw an “X” with sharpie on the most lateral point of the lateral malleolus (apex) of the
subject.
Have the subject stand on the block with their second toe and heel aligned on the line
drawn down the middle of the block.
Align the subject’s heel and 2nd metatarsal with the line drawn on the block.
Instruct the subject to stand with their feet side by side and be sure their ankle is at 90
degrees. Make sure they do not move from this position.
Mark the point on the block where the apex of their lateral malleolus is (be sure to mark
this spot at a right angle from the block).
Measure and record this point (the distance from the edge of the block to the lateral
malleolus).
Take the picture with the camera 40cm away from the edge of the block.
Program use:












Run the program.
Click on the 3cm mark on the ruler at the edge of the block (outlined).
Click in the middle of the “X” on the lateral malleolus.
Click on the Achilles tendon (edge of the skin) horizontally to the point you previously
clicked on in the middle of the “X” on the lateral malleolus. Be sure that the crosshair did
not move vertically, only to the horizontally.
Click on the outermost point of the heel.
Zoom in on the picture where the vertical line crosses the ruler, enter that figure into the
prompt (round to the nearest hundredth of a cm ex: 9.51cm).
Enter in the measured distance from the edge of the block to the lateral malleolus.
The output MA is estimated moment arm (cm).
The output MH is estimated distance from the lateral malleolus to the back of the heel
(cm).
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Appendix B
Moment Arm Measure Matlab Program
%when taking photo make sure camera is 40cm away from the edge of the
block
%align heel with 2nd metatarsal on marked line on block (10.5cm from
edge)
%measure distance from lateral mallelous to the edge of the block

% rememeber the starting directory
start_dir = pwd;
% get folder where trial data is saved
folderData = 'E:\Thesis data\Foot images';
cd(folderData);
fName = '16_06_91_R.jpg'

% display image
h = imshow(fName);
hold on
%define points at x center and y lims
x = get(h,'XData');
y = get(h,'YData');
p1 = [x(2)/2,y(2)];
p2 = [x(2)/2,y(1)];
%plot points to create a vertical line in the center of the image
plot([p1(1),p2(1)],[p1(2),p2(2)],'Color','c','LineWidth',1)

% INPUT - 4 coordinates
% 1: 3.0 cm mark on scale (left edge of scale)
% 2: x on malleolus
% 3: Achilles (horizontally from malleolus to back of heel - keep ycoordinate constant (therefore stay in same line))
% 4: Heel (most posterior point of the heel)
[a,b] = ginput(4);
%INPUT - cm mark on ruler at horizontal center of image
z = input('where does line crosses ruler?');
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hold off
%horizontal center of image
center = x(2)/2;
%distance from camera to the edge of the block
D = 40;
%distance from edge of block to line from heel to second metatarsal
heeldepth = 10.6;
%length(cm) from edge of block to lateral malleolus
lm = input('length from edge of block to lateral malleolus? ');

%scaling factors at different image depths - the lateral malleolus and
heel
%are on different planes than the edge of the block
%scaling factor-pixels/cm (at edge of block)
s1 = (center - a(1))/(z - 3);
%scaling factor (pixels/cm)at point of lateral malleolus
s2 = s1/((D + lm)/D);
%scaling factor (pixels/cm) at line from heel to second metatarsal
s3 = s1/((D + heeldepth)/D);

%length from center
r1 = (1/s3)*(center
%length from center
r2 = (1/s2)*(center
%length from center
mallelous)
r3 = (1/s3)*(center

of image to heel
- a(4));
of image to x on lateral mallelous
- a(2));
of image to achilles (horizontally from x on
- a(3));

%moment arm values - considering the different depths of the LM and
heel
MA = r3-r2
MH = r1-r2
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Appendix C Foot Image Geometry

Scaling factor equations (pixels/cm):
S1 = (Xm - XL)/C
S2 = [(D + lm)/D]S1
S3 = [(D + heel depth)/D]S1
Xm = number of horizontal pixels to center of image
XL = number of pixels from the leftmost point on the image to the 3cm mark on the ruler
L = 3cm mark on the ruler
C = distance in cm from the 3cm mark on ruler to center of image
D = 40cm (distance from the camera lens to the edge of the measuring block)
lm = distance (cm) from the edge of the measuring block to the lateral malleolus
heel depth = 10.6 cm (distance from the edge of the measuring block to the line on which
the subject aligns their second metatarsal and Achilles tendon)
*Scaling factors take into consideration the different depth points in the image.

Metric Equations:
length from center of image to heel:
r1 = (1/s3)*(Xm – heel depth(P4));
length from center of image to x on lateral malleolus:
r2 = (1/s2)*(Xm – heel depth(P2));
length from center of image to achilles (horizontally from x on malleolus:
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r3 = (1/s3)*(Xm – heel depth(P3));

Moment arm (cm) = r3 - r2
Heel length (cm) = r1 - r2

P1 = 3.0 cm mark on scale (left edge of scale)
P2 = x on malleolus
P3 = Achilles (horizontally from malleolus to back of heel - keep y-coordinate constant)
P4 = Heel (most posterior point of the heel)
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Appendix D Fascicle Length vs Isokinetic Moment

Figure 15. Fascicle Length vs Isokinetic Plantarflexion
Positive correlations were found for 30 °/s in sprinters (R2 = 0.7713, p = 0.0213), but
not in non-sprinters (R2 = 0.1944, p = 0.2349). Similar correlations were found for 120
°/s for sprinters (R2 = 0.6987, p = 0.0382), but not in non-sprinters (R2 = 0.0555, p =
0.5418).
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Appendix E GL Thickness vs Isokinetic Moment

Figure 16. GL Thickness vs Isokinetic Plantarflexion
Positive correlations were found for 30 °/s in sprinters (R2 = 0.8269, p = 0.0119), but
not in non-sprinters (R2 = 0.2404, p = 0.1803). Similar correlations were found for 120
°/s for sprinters (R2 = 0.9285, p = 0.00196), but not in non-sprinters (R2 = 0.1366, p =
0.3276).
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Appendix F Pennation angle vs Isokinetic Moment

Figure 17. Pennation angle vs Isokinetic Plantarflexion
No correlations were found for 30 °/s in sprinters (R2 = 0.0569), or in non-sprinters (R2 =
0.0066). No correlations were found for 120 °/s for sprinters (R2 = 0.0114), and in nonsprinters (R2 = 0.0192).
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Appendix G Achilles Tendon Moment Arm vs Isokinetic Moment

Figure 18. Moment Arm vs. Isokinetic Plantarflexion
No correlations were found for 30 °/s in sprinters (R2 = 0.0159), or in non-sprinters (R2 =
1.08E-06). No correlations were found for 120 °/s for sprinters (R2 = 0.0466), and in nonsprinters (R2 = 0.0325).
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Appendix H FL – MA Ratio vs Isokinetic Moment

Figure 19. FL - MA Ratio vs Isokinetic Plantarflexion
Positive correlations were found for 30 °/s in sprinters (R2 = 0.5964, p = 0.0719), but
not in non-sprinters (R2 = 0.1428, p = 0.3162). Similar correlations were found for 120
°/s for sprinters (R2 = 0.4956, p = 0.1185), but not in non-sprinters (R2 = 0.1006, p =
0.4057).

53

BIBLIOGRAPHY

Abe, T., Kumagai, K., & Brechue, W. F. (2000). Fascicle length of leg muscles is greater in
sprinters than distance runners. Medicine & Science in Sports & Exercise, 32(6), 1125-1129.
Baxter, J. R., Novack, T. A., Werkhoven, H. V., Pennell, D. R., & Piazza, S. J. (2011). Ankle
joint mechanics and foot proportions differ between human sprinters and non-sprinters.
Proceedings of the Royal Society B: Biological Sciences, 279(1735), 2018-2024.
Baxter, J. R., & Piazza, S. J. (2013). Plantar flexor moment arm and muscle volume predict
torque-generating capacity in young men. Journal of Applied Physiology, 116(5), 538-544.
Blazevich, A. J., Coleman, D. R., Horne, S., & Cannavan, D. (2009). Anatomical predictors of
maximum isometric and concentric knee extensor moment. European Journal of Applied
Physiology Eur J Appl Physiol, 105(6), 869-878.
Fukunaga, T., Miyatani, M., Tachi, M., Kouzaki, M., Kawakami, Y., & Kanehisa, H. (2001).
Muscle volume is a major determinant of joint torque in humans. Acta Physiol Scand Acta
Physiologica Scandinavica, 172(4), 249-255.
Gadeberg, P., Andersen, H., & Jakobsen, J. (1999). Volume of ankle dorsiflexors and plantar
flexors determined with stereological techniques. Journal of Applied Physiology, 86(05), 16701675.
Gordon, A. M., Huxley, A. F., & Julian, F. J. (1966). The variation in isometric tension with
sarcomere length in vertebrate muscle fibres. The Journal of Physiology, 184(1), 170-192.
Hauraix, H., Nordez, A., & Dorel, S. (2013). Shortening behavior of the different components of
muscle-tendon unit during isokinetic plantar flexions. Journal of Applied Physiology, 115(7),
1015-1024.
Harrison, A. J., Keane, S. P., & Coglan, J. (2004). Force-Velocity Relationship and StretchShortening Cycle Function in Sprint and Endurance Athletes. J Strength Cond Res The Journal
of Strength and Conditioning Research, 18(3), 473.
Hertel, J. (2002). Functional Anatomy, Pathomechanics, and Pathophysiology of Lateral Ankle
Instability, 37(4), 364-375.

54

Hill, A. V. (1938). The Heat of Shortening and the Dynamic Constants of Muscle. Proceedings
of the Royal Society B: Biological Sciences, 126(843), 136-195.
Karamanidis, K., Albracht, K., Braunstein, B., Catala, M. M., Goldmann, J., & Brüggemann, G.
(2011). Lower leg musculoskeletal geometry and sprint performance. Gait & Posture, 34(1), 138141.
Kubo, K., Ikebukuro, T., Yata, H., Tomita, M., & Okada, M. (2011). Morphological and
Mechanical Properties of Muscle and Tendon in Highly Trained Sprinters. Journal of Applied
Biomechanics, 27, 336-344.
Kumagai, K., Abe, T., Brechue, W. F., Mizuno, M., & Ryushi, T. (1999). Sprint Performance Is
Related To Muscle Fascicle Length In Male 100M Sprinters. Medicine & Science in Sports &
Exercise, 31.
Lee, S. S., & Piazza, S. J. (2009). Built for speed: Musculoskeletal structure and sprinting ability.
Journal of Experimental Biology, 212(22), 3700-3707.
Maughan, R. J., Watson, J. S., & Weir, J. (1983). Strength and cross-sectional area of human
skeletal muscle. The Journal of Physiology, 338(1), 37-49.

Nagano, A., & Komura, T. (2003). Longer moment arm results in smaller joint moment
development, power and work outputs in fast motions. Journal of Biomechanics, 36(11), 16751681
Tsaopoulos, D. E., Baltzopoulos, V., & Maganaris, C. N. (2006). Human patellar tendon moment
arm length: Measurement considerations and clinical implications for joint loading assessment.
Clinical Biomechanics, 21(7), 657-667.

55

Academic Vita
Ryan C. Kalkbrenner
rkalk1117@gmail.com

EDUCATION
The Pennsylvania State University
Bachelor of Science in Kinesiology
 Schreyer’s Honors Scholar
 Dean’s List (all semesters)
 Rodney Erikson Discovery grant recipient

EXPERIENCE/PROFESSIONAL
Summer
The Physical Therapy & Wellness Institute
2014

University Park, PA
May 2016

Montgomeryville, PA

Volunteer
 Over 60 hours of shadow/volunteer work with two Physical Therapists
 Assisted Physical Therapist with patient care and setting up exercises
 Helped maintain facilities

Present

Penn State Club Sports

Present

Penn State University Biomechanics Lab

Summer
2010-2014

Montgomery Township Parks & Recreation

University Park, PA
Student Supervisor
 Supervision of club sports program practices (over 70 active clubs)
 Performed risk management checks and acted as a first responder when necessary
 Office duties included clerical work and customer service
University Park, PA
Research
 Completed my own research project on sprint start analysis during junior year
 Received a grant to complete honors thesis on sprinters’ anatomical functioning
 Operate dynamometer, ultrasound, motion analysis, and force plate equipment
Montgomery Township, PA
Senior Camp Counselor
 After working as a counselor for two years I was promoted to Senior counselor
 Led a group of about 20 nine-year-old children and 4 other counselors
 Planned and guided activities for children on a daily basis and instructed other counselors

LEADERSHIP/ACHIEVEMENTS
Present
Penn State Club Track & Field Team

University Park, PA

President



2012-2014

Elected president for 2015-2016 season after serving as vice president for one year
In charge of leading and organizing a team of over 120 members
Responsible for coaching, planning competitions, managing financials, and organizing fundraisers

Penn State Dance MaraTHON, Rules & Regulations

University Park, PA
Committee Member
 Attended weekly meetings and learned rules and safety codes of THON weekend
 Enforced rules & safety for spectators, dancers, and families during THON weekend

CERTIFICATIONS
CPR/AED & First Aid Certified

