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ABSTRACT

The purpose of this study is to better understand the mechanics of upper extremity
function and variation in running. Two groups of four subjects, one with comparably high arm
carry and the other with low arm carry as determined by their average elbow flexion angles
(96.2°, 90.9°, 107.5°, and 92.8° versus 71.2°, 64.0°, 67.8°, and 79.7°) were selected from a group
of 80 healthy runners. Inverse kinematic models were built for each runner using motion capture
and force plate data. Model-based shoulder and elbow joint moments, arm segment power,
relative phase, symmetry, and induced acceleration were calculated and compared between the
two sets of participants. The study found that subjects with higher arm carry had significantly
lower shoulder moments and higher elbow moments about the flexion axes. The high arm carry
group also had much higher induced acceleration indices for the shoulder and elbow joints.
However, there were no significant differences in symmetry or relative phase of the elbow and
shoulder joint moments, angular momentum of the arms about the vertical axis through the
model center of mass, arm segment power, arm segment power, or angular momentum about the
vertical axis. Because there is very limited research about arm swing variation in running, these
results will provide a baseline for future studies.
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Introduction

1.1 Motivation and Background
While observing a pack of elite runners in a marathon, one would expect to see all the
athletes exhibit a similar gait. It would make sense that after years of training, they would have
self-optimized to adapt an ideal stride. To some extent, this is true; elite runners generally
maintain a similar cadence and stride length. However, their arm swing can be strikingly
different. High, low, and asymmetrical arm swing as well as varying degrees of crossover are all
employed by elite distance runners. What causes these differences? What exactly is the role of
the arms in running? These questions have yet to be answered by biomechanics research.
Hinrichs (1987) showed that lateral arm motion helps to maintain a constant forward
running speed and balance whole-body angular momentum about the vertical axis through the
center of mass. That study also contested the belief that a strict front to back arm swing
contributes more to drive, whereas they suggested that the arms contribute very little to drive in
distance running. Decades of track and cross-country coaches have encouraged athletes to alter
their arm motion to eliminate lateral motion. This suggestion may be more harmful than helpful,
or it may actually be beneficial for reasons other than producing drive. While the role of the arms
in running as been studied to some extent, the reasons for variation in arm swing technique
remain unknown.
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1.2 Purpose of Thesis
The purpose of this thesis is to better understand the mechanics behind two different
categories of arm swing in running: high and low arm carry. Motion capture data for over 80
runners was recorded and digitized. Eight subjects were selected for further analysis due to their
distinctly high or low arm carry. Kinetic and kinematic data was used to build rigid segment
models of the runners using Visual 3D software (C-Motion, Inc., Germantown, MD). Modelbased calculations including joint moments, angular momentum, segment power, and induced
acceleration were computed and analyzed using Visual 3D and MATLAB ® (MathWorks Inc.,
Natick, MA, USA). Values from the two different groups were compared and contrasted in order
to better understand the implications of high and low arm carry in running.

1.3 Specific Aims

The specific aims of this study are for the two groups of runners (high and low arm
carry), 1. To compare the magnitude and symmetry of the elbow and shoulder joint moments. 2.
To determine the contributions of arm swing to whole body angular momentum. 3. To analyze
the induced acceleration of the shoulder joint on the elbow joint and vice versa, 4. To understand
how the variation in arm swing measured in different subjects corresponds to other aspects of
their running mechanics.

3
1.4 Overview of Thesis

Chapter 2 will contain a review of the relevant literature related to the energetics and
mechanics of running, as well as the specific role of the arms. The methods employed in this
study are described in Chapter 3. Chapter 4 presents the results of the study, and Chapter 5
includes of discussion of the findings and potential for future research.
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Literature Review

2.1 Mechanical Feature of Running
On a superficial level, running may seem like simple, repetitive movement that can be
easily analyzed. However, the relationship between muscular force outputs and the kinematics
and kinetics of running are actually very complicated. Muscles, ligaments, and body segments
cannot be analyzed as separate entities; rather, the body operates as an interconnected system of
moving parts that work together and affect one another. Muscle synergies, co-functional
muscles, and transfer of mechanical energy make human locomotion impossible to analyze as a
simple input-output dynamical mechanical system (Zajac et al. 2002).
Running is defined by the cyclic repetition of stance and flight phases. Winter (2009)
describes how inverted pendulums are often used to model human gait, where the direction of
acceleration depends on the position of the center of mass relative to the center of pressure of the
supporting foot during the stance phase. The moment of inertial of the body about the ankle joint,
the body weight, and the position of the center of mass are used to model the “swing” of this
inverted pendulum as the legs go through their strides. During the stance phase, negative power
is generated at the ankle joint to slow the leg’s rotation over the foot. The ankle then experiences
a large amount of positive power generated by the plantar flexors. This burst of energy generates
lift and drive. A smaller amount of power is generated at the knee. However, the knee primarily
serves as an energy absorber during contact (Winter, 2009). The power generated in the hip
joints is smaller, showing that the hip flexors and extensors mainly function to provide stability
(Winter, 1983).
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Muscles produce moments in joints by producing force at a moment arm relative to the
joint(s) they cross. Most joints are crossed by more than one muscle, and many muscles cross
more than one joint. For example, during running, as the leg begins to swing forward, the rectus
femoris contracts to flex the hip, creating positive work (Winter 2009). It also slows the
swinging of the leg so that it can begin to accelerate forward, creating negative work. Positive
work increases the energy of a system, while negative work decreases the total energy. Negative
work is necessary for stability; e.g. preventing the knee from collapsing on impact. Therefore,
multiple muscles crossing one joint and producing opposite moments prevent excess joint
rotation (Winter 2009).
Muscle coordination in walking, cycling, and running and other activities can be
examined using Newton-Euler inverse dynamics and/or dynamical simulations. Zajac et. al
(2003) explored analyses using both simple and complex models that have shown how muscles
stabilize gait and cause energy transfer between segments. Muscles act to support the body so
that it can undergo passive movement with a pendulum-like exchange of energy. They
approached the study from the viewpoint that muscles play an active role in the exchange of
energy between segments, and these models can help us better understand muscle coordination
and the roles of individual muscles. George Chen (2004) argued that although this method is
valid, more emphasis should be placed on models without muscles, or with muscles with fewer
degrees of freedom. In these interpretations, muscles have a greater role in providing postural
support and basic kinematic principles explain the movement of joints. These simpler models
reveal many of the same results, and thus help us to confirm, the more complex models
analyzing individual muscle contributions.
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Arellano and Kram (2011) found that during running, humans prefer a much narrower
step width than in walking. While they speculated that a narrow step width would decrease the
body’s ability to correct for instabilities, they determined that humans use a number of strategies
to control balance by varying step width to change the moment arm of ground reaction force
relative to their center of mass. Arellano and Kram (2011) concluded that in running, a small step
width results in a ground reaction force that is vertically aligned close to the body’s center of
mass, thus reducing lateral motion and possibly improving balance. They found that arm swing
also plays a role in balance by reducing lateral motion of the center of mass and opposing the
angular momentum about the vertical axis produced by the legs going through their strides.

2.2 Energetic Analysis
During running and other movements, the muscles convert metabolic energy to
mechanical energy. Generally, a runner aims to reduce energy use by improving efficiency, or
the ratio of useful mechanical work to metabolic work to metabolic work. Efficiency is
determined by two main criteria: 1. the conversion of metabolic energy to mechanical energy,
which is influenced by the elasticity of tendons, muscle conditions and other physiological
factors. 2. The conversion of mechanical energy to useful external work, which is determined by
the neural system telling the body exactly how to control mechanical energy. Efficient energy
usage is characterized by smooth movement. Jerky movement indicates that positive work is
almost immediately counteracted by negative work. Throughout a cycle of running gait, a
constant exchange of kinetic and potential energy takes place as the whole body center of mass
rises and falls, similar to the movement of a pendulum. (Winter, 2009).
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Other aspects of energy usage in running are not as simple to observe. Muscles and
elastic tendons store and release energy, soft tissue deformation absorbs energy, muscles
themselves produce unwanted heat, and co-contraction and isometric contraction of muscles
against gravity produces negative work while using energy for a purpose other than forward
motion (Winter, 2009), for example, to prevent collapse during the stance phase of gait by
stiffening the knee joint.. Although we cannot completely analyze gait efficiency from
kinematic analysis, this method can reveal many biomechanical attributes.
Many of the mechanics of running are intended to improve efficiency. Humans typically
select stride frequencies to minimize metabolic energetic cost (Cavanagh and Williams, 1982).
As described previously, Arellano and Kram (2011) found that humans choose to run with a
narrow step that reduces metabolic cost. The results of their study indicated that a self-selected
step width results in a lower energy usage; the ground reaction force is directed closer to the
center of mass, reducing the lateral moment arm of the force and thus side-to-side motion.
Runners used more metabolic energy when running at a wider step width than their self-selected
width. They also experienced more step-width variability. Step width variability is often used as
an indicator of balance, as a subject will vary foot landing position to correct for instability.
However, in Arellano and Kram’s 2011 study, variability may also have been caused by
difficulty in matching foot landing position with the target width lines in the experimental setup.
Another drawback to this study is that the act of matching up step-width to the predetermined
lines uses energy in itself. However, these results are consistent with the generally-held idea that
human movement strives to be optimal, meaning self-selected gait parameters will tend to be the
most efficient.
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The neural system does not only consider energy usage in determining how to control
mechanical energy. Human movement balances the cost of performing work and other expenses,
such as pain caused by high impulse. Zelik and Kuo (2012) found that in jumping, subjects chose
to perform more work than necessary to land softly, rather than landing with rigid legs to
minimize work. The fact that humans do not only move to maximize economy of movement, but
to address other cost functions makes analysis difficult because humans may perform a task to
balance costs that are not readily quantifiable. When a person lands after jumping or in the
contact phase of running, energy is expended by lower body muscles in order to dissipate the
force. Active work takes place at the ankle, knee, hip, lumbosacral, and other joints, using
metabolic energy to soften the landing. This active energy dissipation is supplemented by the
passive dissipation of soft tissue deformation. Active energy dissipation makes the movement
less efficient but also easier on the body by reducing stress buildup in certain areas. Clearly,
humans do not always solely focus on minimizing energy usage.
It is important to note that some aspects of landing strategies in jumping, and likely
running as well are subjective and will vary between subjects. Pain, balance, and even a
perceived appearance of gracefulness may influence landing techniques. Mechanical energy will
still be minimized to some extent over the cyclic motion of running, but it is not the only factor
contributing to gait preference, and these less-measureable costs may account for some
discrepancies in the gait of different runners.
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2.3 Induced Acceleration Analysis
Because each body segment can exert force on and generate moments in adjacent
segments, mechanical energy generated in one location can be transferred throughout the body.
This concept is important in conservation of energy, because it can cause movement without
requiring additional muscle activity. For example, at the end of a leg swing, the energy from the
swinging foot is conserved and used to accelerate the upper body forward (Winter, 2009).
Induced acceleration analysis determines the influence of a specific segment on the acceleration
of other joints, body segments, or the center of mass.
Kepple et al. (1995) successfully analyzed the effects of joint moments on the forward
(propulsion) and vertical (support) acceleration of the head-arm-trunk segment during walking,
via an induced acceleration analysis. They used experimental data to determine that the ankle
joint moment had the greatest contribution to forward and vertical acceleration of the center of
mass. The ability of a muscle crossing one joint to induce an acceleration at another joint is
determined by a number of factors: system orientation, body segment lengths, and the inertial
properties of those segments (Challis, 2011).

2.4 Role of the Arms in Running
The role of the arms in running may seem simple, but it is actually quite complex
and poorly understood. Researchers have yet to understand: why do runners, elite and
recreational alike, exhibit such varying arm swing patterns? Is there an ideal arm swing that all
runners should try to adopt? Prior research, while gaining insight into the general function of the
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arms in running, has not sufficiently addressed the reason for variations in upper body motion
among different runners.

2.4.1 Angular Momentum Contributions
Up until Hinrichs et al. (1987) examined the effects of arm swing on the body’s center of
mass and angular momentum, very little research existed on the role of the upper body in
running. Body segments in motion have angular momentum relative to specified axes. For
example, the forward motion of left leg in flight generates a clockwise angular momentum
around a vertical axis positioned through the body’s center of mass. The right leg, moving
posteriorly, also has a clockwise angular momentum around the same axis. The study found that
the arms and upper body also have a significant effect on the body’s angular momentum about
the vertical axis through the center of mass, serving to counteract some of the angular
momentum of the legs (Figure 2.1). As the figure shows, the greatest change in the angular
momentum of the legs about the vertical axis occurs in the flight phase, when the legs are
reversing their direction of swing. Hinrichs et al. (1987) showed that in order for this change to
occur in flight, the lower body needs an external source of momentum, which is provided by
torque from the upper body. Due to Newton’s third law, the upper body must then experience an
equal and opposite change in angular momentum. Thus, the swinging of the arms and rotation of
the upper body are reversed. In this model, the upper and lower body are constantly exchanging
momentum. Even in the stance phase when the body receives a torque from the ground reaction
force, it receives most of its torque from the upper body. Therefore, the feet and ankles do not
experience high amounts of torsional stress about their vertical axes upon contact with the
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ground. Some torque is still produced by the ground reaction force, because it is applied at a
small moment arm relative to the center of mass. However, Arellano and Kram’s (2011) findings
that humans prefer a step width that approaches zero indicate that the body attempts to minimize
this applied moment by reducing the moment arm of the ground reaction force relative to the
vertical axis through the center of mass.

Figure 2.1. Contributions to vertical component of angular momentum from Hinrichs et
al. (1987)
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2.4.2 Lift and Drive Contribution
Hinrichs et al. (1987) also determined the contribution of the arms to lift and drive. Lift
was defined as the integral of vertical force with respect to time of the vertical ground reaction
force time-curve, or impulse, which is equivalent to the change in vertical momentum. The
contribution of the arms, head and trunk, and legs to lift were calculated by multiplying the
estimated mass of the segment by its velocities relative to the intersection of the head and neck
and the midpoint between the hips. Contributions of individual body segments to drive were
determined using a slightly different method than for lift. Net change in momentum during the
contact phase was set to zero under the assumption of constant speed running. However, within
the contact phase there is a braking stage and a propulsive phase. Drive was defined as the
change in momentum during the propulsive phase. Contribution of the arms to drive were
calculated as described previously, and examined over the propulsive phase and during the entire
contact phase. The shoulders and arms are treated as a common segment and analyzed together.
Earlier, Hinrichs and Cavanagh (1981) had shown that in walking, the arms help a subject
reduce vertical displacement. However, in the running analysis they determined that the arms
actually contribute to vertical movement. They also observed that lateral motion of the arms
corresponds to an opposite lateral motion of the remainder of the body, leading to a reduced
overall horizontal excursion of the center of mass. The body’s linear momentum in an upwards,
vertical direction increases over each contact phase, and the arms have a small contribution to lift
by accelerating upwards relative to the trunk and producing a change in vertical momentum.
However, this lift comes at the expense of a downward change in vertical momentum of the
trunk.
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2.4.3 Active versus Passive Movement
Prior research has also assessed whether arms move actively or passively. Pontzer et al.
(2008) used a number of methods to show that the arms act as passive mass dampers. It was
hypothesized that the arms swing passively due the motion of the lower body, and that they
function to dampen upper body rotation. The upper body does not produce its own movement;
instead, movement is transferred from the swinging legs via ligaments and muscles, which can
be modeled as springs, and causes motion through the torso and arms. Muscle contraction in the
upper body provides stability rather than producing arm swing and rotation. To test the passive
arm swing hypothesis, Pontzer et al. (2008) utilized electromyography to analyze the activity of
the deltoid muscles during running. It was found that the deltoids demonstrate a co-activation of
the anterior and posterior heads during arm swing, meaning that the contraction of the muscle
does not rotate the shoulder joint, but simply stabilizes it. When the arms are folded over the
chest to reduce the upper body’s moment of inertia, shoulder rotation increases to compensate
and maintain the same angular momentum. In this scenario, the phase lag between the upper and
lower body decreases. Intuitively and mathematically, this adaptation is consistent with a springmass-damper model of a mechanical system and supports the passive damper
hypothesis. Moreover, changing arm swing by restricting motion or adding weight does not
change the kinematics of the lower body, suggesting that the lower body dictates the movement
of the upper body, which serves to stabilize the whole body throughout the phases of running.
Interestingly, their study found that inhibiting arm swing does not significantly affect
energetic cost or balance (as measured by step-width variation). Arellano and Kram (2011)
disputed this claim in their study on the relation between step width, arms swing, energy usage,
and balance. They performed an independent analysis of the correlation between step width and
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arm swing, and lateral balance and metabolic cost, using step-width variability to define lateral
balance quantitatively. In their study, preventing arm swing did not change the average stepwidth, but increased the variability. The discrepancy in energy usage with and without arms is
likely due to the limited sample size of Pontzer et al. (2008) of 6 subjects, versus 10 subjects for
Arellano and Kram (2011). It is possible that there is no mechanical increase in energy cost, but
rather a metabolic increase due to the need for more muscle contractions to maintain stability.
The discrepancy in whether or not restricting arm movement alters the lower body kinematics
could stem from the sample size of steps from which to measure width variability – 8 per subject
for Pontzer et al. (2008) versus 401 for Arellano and Kram (2011).
Despite some inconsistencies, all these studies support the same general principle: the
function of the upper body in running is to counteract the angular momentum of the swinging
legs to reduce twisting around the vertical axis. What is still undetermined is how natural, selfselected variations in arm swing correlate to the kinematics of the body. The restrictions imposed
in previous studies likely caused unwanted and uncontrolled changes in running kinematics due
to the awkward adjustment to a forced, new form. However, analyzing self-selected arm swing
will remove the factor of adjusting to externally imposed restrictions. This approach will allow
us to better understand the variation in arm motion of real runners.

2.5 Summary
In summary, throughout the gait cycle the arms and trunk experience alternating
oscillations, supporting a transfer of momentum between the segments. Contrary to the beliefs of
many cross-country and track coaches (Hinrichs et al., 1987), the arms do not seem to contribute
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to drive. The movement of the trunk and arm segments is not mutually exclusive; the arms work
in synchronization with the trunk to reduce unwanted movement in the anterior-posterior
direction and likely in the medial-lateral direction as well.
The arms and upper body motion also have an important effect on total body angular
momentum about the vertical axis through the whole body center of mass. The swing of the legs
creates significant angular momentum around the vertical axis in the flight phase. Here, the arms
provide an opposing angular momentum that reverses that of the legs and allows them to go
through their alternating phases without an excessive back-and-and forth twisting of the body.
This contribution to angular momentum is likely the most important role of the arms in running.
It is important to note that in the case of Hinrichs et al. (1987) and others whose studies
took place before the proliferation of high speed three-dimensional motion analysis systems and
software, cine films had to be digitized by hand -- an extremely tedious process. It would have
been impossible for them to study the same amount of runners and trials as we can today in far
less time. Modern technology will allow for a much more comprehensive analysis.
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Methods
The following chapter describes the three stages of the experiment: collecting and
processing data, building a rigid segment model, and performing model-based calculations. The
calculations of interest in this study are joint moments of the elbow and shoulder, whole body
angular momentum, relative phase of joint moments, and induced acceleration of the elbow and
shoulder joints.

3.1 Data Collection Equipment and Procedure
Eighty-two volunteers participated in this Institutional Review Board approved study,
with the inclusion criteria that they regularly ran at least 15 km per week and had not
experienced any musculoskeletal injuries for the past three months. All participants provided
informed consent. Subjects were instructed to run at a comfortable pace of approximately 3.1 m/s
along a 20m runway. The ground reaction force (GRF) of one foot strike was recorded using the
first of two 90x120mm Kistler 9287A force plates mounted within the runway (Kistler
Instrument Corp., Amherst, NY). The GRF data were collected at a sampling rate of 1500 Hz.
Trials were performed for each subject to record both right and left foot strikes and to prevent the
subject from targeting the force plate. Trials that did not produce adequate foot contact with the
force plate or a running speed of 3.1m/s +/- 5% were repeated. Rather than directing the subject
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to strike the force plate with a certain foot, the starting line was relocated to avoid purposeful
stride-length adjustment.
Motion data were collected using an 8-camera Eagle Motion Analysis System (Motion
Analysis Corp., Mountain View, CA). Cameras surrounded by infrared lights captured the
position of reflective markers placed on anatomical landmarks relative to the global reference
system. Positions were recorded at 150 Hz, with approximately 0.1 mm accuracy and a
reconstruction residual of .35 mm. For each subject, a static trial was performed to create a
model for that subject that could be applied to motion data. Anatomical landmarks were chosen
based on the recommendations of the International Society of Biomechanics, (Wu et. al, 2005;
Wu et. al, 2002; Table 3.1).
Table 3.1: Marker set definition
Anatomical Landmark

Marker Label Abbreviation

Spinous process of the 7th cervical vertebra

C7

Spinous process of the 8th thoracic vertebra

T8

Suprasternal Notch

STERN

Xiphoid Process

XIPHO

Most dorsal point on the acromioclavicular joint

RACRM/LACRM

Sacrum, midway between the left and right posterior superior

SACR

iliac spine.
Anterior superior iliac spine

RASIS/LASIS

Most caudal point of lateral epicondyle

RELBO/LELBO

Most caudal point of medial epicondyle

RMEDE/LMEDE
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Most caudal-medial point on the ulnar styloid

RULNA/LULNA

Most caudal-lateral point on the radial styloid

RRADI/LRADI

Point of rotation on lateral side of knee

RKNEE/LKNEE

Point of rotation on medial side of knee

RMEDK/LMEDK

Lateral malleolus of fibula

LANKL/RANKL

Medial malleolus of tibia

LMEDA/RMEDA

5TH Metatarsal of foot

L5MET/R5MET

2ND Metatarsal of foot

L2MET/R2MET

Approximately over right and left temples

RHEAD/LHEAD

Additional markers were used to track the orientation of the segment. Sets of four
markers were attached to each thigh, shank, and heel. Markers were also placed on the upper and
lower arms and the top of the head. A bias marker was placed on the right thigh to define the
right and left sides of the body. For the dynamic trials, the medial elbow, ankle, and knee
markers were removed to prevent interference with movement.

3.2 Data Processing
Markers were digitized for each trial using Cortex software (Motion Analysis Corp.,
Mountain View, Ca). Motion data was exported to Visual 3D for modeling and further analysis.
Marker trajectories were processed using a 3rd order bi-directional Butterworth Filter with a 10
Hz cutoff frequency. Initially, an upper arm segment and forearm segment model was applied to
the motion data of all the processed subjects in order to identify runners with distinctly high or
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low arm carry. The shoulder joint landmark was defined as a point offset from the acromion
markers at a distance of Marker_Radius+0.17*Distance (LACRM,RACRM)) along the
acromion-asis axis, according to the model used by Rab et. al. (2002). The elbow joint was
defined as a revolute joint on the midpoint of the axis between the medial and lateral elbow
markers. Elbow flexion angles from the right arm of left striking trials for each subject were
calculated in Visual 3D using a Z-Y-X (flexion, medial/lateral rotation, and abduction/adduction)
Cardanic rotation sequence. The subjects with the four highest and four lowest median angles
were selected for further analysis (Table 3.2).
Table 3.2: Subject Characteristics and right elbow flexion angles (EFA) in degrees
during left foot striking trials.
Height
Weight
Mean
Minimum Maximum Standard
Subject
(M)
(N)
EFA
EFA
EFA
Deviation EFA
High Arm Carry Participants
19

1.67

592.4

96.2

80.9

107.9

8.7

20

1.53

575.5

90.9

82.1

101.2

5.9

61

1.63

805.4

107.5

92.6

121.3

8.1

64

1.745

995.4

92.8

81.2

108.9

8.7

Mean

1.64

742.2

96.9

84.2

109.8

7.8

Low Arm Carry Participants
67

1.85

854.2

71.2

61.5

81.0

5.0

73

1.62

586.2

64.0

52.7

81.6

10.9

78

1.68

591.0

67.8

52.8

76.8

5.8

71

1.65

616.0

79.7

74.9

83.7

2.8

Mean

1.7

661.9

70.7

60.5

80.8

6.1
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3.3 Model Building
Using Visual 3D, the anatomical landmarks were used to define rigid body segment
coordinate systems and shapes. For each of the eight subjects, an inverse kinematics model of
linked segments was created from the respective static trial using calibration markers on bony
anatomical landmarks (Figure 3.2). The purpose of the model is to understand the movement of
the skeletal system under the markers. The inverse kinematics model uses global optimization to
determine the position and orientation of segments that best fit the motion capture data. This
method creates joint constraints that prevent unwanted movement between segments caused by
soft tissue artifact and measurement error (C-Motion, 2015). Each segment has its own
coordinate system that is at a specific transformation relative to the global, or lab coordinate
system.
In a static standing trial, a model template was created for each subject from the full
marker set. The pelvis was modeled using the Helen Hayes method (Davis et. al., 1991) using
the LASIS, RASIS, and SACR markers. Hip joint centers relative to the pelvis coordinate system
(Figure 3.1) were determined using following equations adapted from the Davis study by CMotion:
Left Leg Length= distance from Left ASIS to Left Medial Ankle
Right Leg Length= distance from Right ASIS to Right Medial Ankle
Leg Length= 0.5*(Right Leg Length + Left Leg Length)
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Hip Y=

+/- (C sin(theta)-0.5*ASIS_distance)

Hip X=

(-Xdis-Rmarker) cos(beta)+ C cos(theta) sin(beta)

Hip Z=

(-Xdis-Rmarker) sin(beta)- C cos(theta) cos(beta)

Where:
C=

0.115*LegLength - 0.0153 (in meters)

theta=

28.4*PI/180.0

beta=

18.0*PI/180.0

ASIS_distance=

LASIS to RASIS distance

Xdis=

anterior/posterior component of the ASIS/hip center distance in the
sagittal plane of the pelvis, estimated as 0.1288*LegLength - 0.04856

Rmarker

marker radius (in meters)
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Figure 3.1: Pelvis Coordinate System

The left and right thigh segments were created using the calculated hip joints with an
estimated radius of 0.089 meters. The knee joint was centered between the medial and lateral
knee markers. The left and right feet were defined using the ankle joint and a lateral distal joint
defined by the 5th metatarsal marker with an estimated radius of 0.06 meters with the heel and
2nd metatarsal markers used for tracking. The thorax/abdomen segment was modeled using the
Rab method (Rab et. al., 2002). Local coordinate axes are also defined for each segment (Figure
3.3). As a general rule, flexion occurs around the z-axes (positive for the right side and negative
for the left side), medial-lateral rotation occurs about the y-axes, and abduction-adduction occurs
about the x-axes.

23

Figure 3.2: Subjects 71 (left) and 20 (right) are modeled with conical, cylindrical, and
ellipsoidal solids. Inertial parameters are assigned to each solid as a function of subject
anthropometry.
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Figure 3.3: Global and segment coordinate axes and a visual representation of skeletal
motion.

3.4 Data Analysis

3.4.1 Joint Moments
Joint moments about the flexion axis of the joint coordinate system for the elbows and
shoulders were determined using model-based calculations in Visual 3D, with the elbow
moments resolved at the forearm coordinate system and shoulder moments resolved in the upper
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arm coordinate system. Moments were normalized with respect to body weight (BW) and
exported to MATLAB. Peak moments and the times at which they occurred were determined
using the findpeaks command to extract local minima.

3.4.2 Whole Body Angular Momentum
Whole body angular momentum, L, is the sum of each body segment’s angular
momentum about the body’s center of mass:
𝐿𝑡𝑜𝑡𝑎𝑙 = ∑𝑛𝑖=1(𝐼𝑛 𝜔𝑛 + 𝑟𝑛 𝑥 𝑚𝑛 𝑣𝑛 )
Where I is the mass moment of inertia, ω is the angular velocity of the segment, r is the vector
between the segment center of mass to the whole body center of mass, m is the mass of the
segment, and v is the translational velocity of the segment for each of the n body segments in the
model. (C-Motion, 2014). Model-based angular momentum computations about the vertical axis
through the model center of mass were performed in Visual 3D and exported to MATLAB. See
Appendix B.1 Whole Body Angular Momentum for relevant Visual 3D pipeline commands. The
vertical axis was chosen for analysis because Hinrichs (1987) determined that it was the most
important axis for demonstrating the role of the arms in running. The contributions of the arms
and legs to whole body angular momentum were also extracted for comparison between high and
low arm carry groups.

3.4.3 Segment Power
Segment power is the rate of change of segment energy with respect to time as it enters
and leaves through proximal and distal ends, or is generated and absorbed within the segment.
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The total rate of change of energy is the sum of passive power flows at the joints – the product of
the joint’s velocity and reaction force at the joint center, and active power flow through the
muscles – the product of the joint moment and angular velocity (Figure 3.4).

Figure 3.4: Segment power contributions (Winter, 2009)
Pjd/p = distal/proximal joint power, Pmd/p = distal/proximal joint power,
Md/p = distal/proximal muscle moment, ωd/p = distal/proximal angular velocity
Fd/p = distalproximal joint force, vd/p = distal/proximal translational velocity

To determine segment power for the left and right upper and lower arms, the sum of the
rotational, kinetic, and potential energy of each segment was calculated from the model. The
segment power was found by taking the first derivative of segment energy with respect to time.
Power time series were filtered with a 3rd order bidirectional Butterworth filter with a lowpass
cutoff frequency of 10 Hz to remove spikes caused during differentiation.
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3.4.4 Relative Phase
Phase shifts between between body segment angular trajectories can reveal coordination
patterns (van Emmerik and Waganaar, 1996). The relative phase of two signals is the difference
between their normalized phase angles. Discrete relative phase is used to describe coordination at
specific signal events, such as peak joint moments.
𝜙𝑑𝑖𝑠 = (𝜙𝑟(𝑖) − 𝜙𝑙(𝑖) )/(𝜙𝑟(𝑖) − 𝜙𝑟(𝑖+1) )
Where ϕr and ϕl are the times of right and left signal peaks, respectively. The relative
phase lag of right and left shoulder and elbow joint moments were calculated for all trials
(Appendix A.1 Relative Phase Analysis). In order to perform the analysis, the data were fitted
with an eight-term Fourier model. The xcorr function in MATLAB was used to return the crosscorrelation and lag between the two signals. The phase lag was evaluated at the maximum crosscorrelation value and expressed as a percent of total stance time. The time of each foot-strike and
toe-off were identified from the vertical ground reaction force profile. The stance phase begins
when the normal component of the GRF exceeds the force platform threshold of 20 N, thus
acting as a filter to prevent noise causing false identification of the stance phase. It ends at toeoff, or the frame when the normal component of the GRF sinks below this threshold.

3.4.5 Induced Acceleration Analysis
Joint accelerations are caused by moments at joints across the body, not just those
generated by muscles at that joint. The complete equations of motion for joint acceleration take
into account Coriolis effects, gravity, and external forces. However, in order to determine
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accelerations caused only by joint moments, these effects can be neglected. The simplified
equation of motion is,
𝑞 = 𝑀 −1 𝑇

(Kepple et. al, 2005)

Where q is a matrix of joint accelerations, and M is the inertia matrix for all body segments about
the model center of mass, and T is the joint moment matrix. To determine how one joint moment
causes acceleration in other joints, T is set to zero except for the moment of the joint in question.
For any given orientation, a scalar induced acceleration index (IAI) can be calculated to
determine the potential of one joint to cause acceleration elsewhere in the system (Challis, 2011).
For a two-segment model of the upper arm and forearm the following equations were used to
calculated the IAI of the elbow on the shoulder and vice versa,

𝐼𝐴𝐼1,2 = |1 +

𝐼𝐴𝐼2,1 = |

𝑚2 𝑙1 𝑙𝑐𝑚2 cos(𝜃2 )
|
𝑚2 𝑙𝑐𝑚22 + 𝐼2

𝑚2 (𝑙𝑐𝑚22 + 𝑙1 𝑙𝑐𝑚2 cos(𝜃2 ) + 𝐼2
|
𝑚1 𝑙𝑐𝑚12 + 𝑚2 (𝑙12 + 𝑙𝑐𝑚22 + 2𝑙1 𝑙𝑐𝑚2 cos(𝜃2 ) + 𝐼1 + 𝐼2

Where 𝐼𝐴𝐼1,2 is the acceleration index for the shoulder on the elbow of the same arm, and 𝐼𝐴𝐼2,1
is the acceleration index for the elbow on the shoulder. These indices depend on segment inertial
properties and orientation (Figure 3.5).
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𝑚1 , 𝑙1 , 𝐼1

𝑚2 , 𝑙2 , 𝐼2

𝜃2

Figure 3.5: A two-segment representation of the arm was used to calculate induced
acceleration indices, where 𝑙1 and 𝑙2 are the lengths of the upper arm and forearm,
respectively. 𝑙𝑐𝑚1 and 𝑙𝑐𝑚2 are the distances from the proximal end to center of mass of
each segment, 𝜃2 is the elbow flexion angle, and 𝑚1 , 𝑚2 , 𝐼1 , and 𝐼2 are the masses and
moments of inertia about the center of mass for each segment.

3.5 Summary of Methods
Motion capture and force plate data were used to build models for each subject. Then,
model-based calculations were determined based on each runner’s kinematics and inertial
properties. The calculations of interest were: 1. The joint moments about the flexion axes of the
shoulder and elbow, 2. The angular momentum of the legs, arms, and full body about the vertical
axis through the center of mass, 3. The relative phase of the left and right arm shoulder and
elbow moments, and 4. The induced acceleration indices of the shoulder and elbow joints. These
values were used to compare the groups of high arm carry and low arm carry runners.
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Results
The following sections contain the results of this study. First, the elbow and shoulder
joint moments and the relative phase of those moments will be presented, followed by the
symmetry of the joint moments and flexion angles of the right and left arms. Finally, angular
momentum, segment power, and induced acceleration considerations will be presented. High and
low arm carry groups will be compared in each of these sections.

4.1 Joint Moments
Generally, the elbow and shoulder joint moments about the flexion axes of the upper arm
joint coordinate systems follow the pattern such that right and left shoulder moments are out of
phase, with each shoulder experiencing a peak moment before the same side foot strike (Figure
4.1). The elbow moments have a temporal pattern more in phase; the elbow joints on both the
right and left arms experienced peak moments mid stance (Figure 4.1). At this point, the
forearms are most aligned with the ground, and the force of gravity acting on their center of mass
is located with the maximum moment arm relative to the elbow joint of the gait cycle.
The elbow and shoulder moments from all left foot-striking trials show similar patterns.
For the most part, each subject’s joint moment curves are consistent from trial to trial. However,
there is noticeable variation between subjects in the shape and size of the curves (Figure 4.2 and
Figure 4.3). Recall that the first four subjects, 19, 20, 61 and 64, have high arm carry, while
subjects 67, 71, 73, and 78 have low arm carry. Peak elbow and shoulder moments appear to be
approximately symmetrical for each subject; symmetry will be further analyzed in Section 4.2.
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By examining the peak joint elbow and shoulder moments for each subject, it is evident
that low arm carry results in lower elbow joint moments (Table 4.1 and Table 4.2). The
difference in elbow moments between the groups is due to the reduced moment arm of forearm
center of mass in relation to the elbow joint for subjects with low flexion. Conversely, high arm
carry subjects have lower shoulder moments; when an arm is flexed, the combined center of
mass of the upper and lower arm tends to fall more directly below the shoulder joint than when it
has a lower flexion angle, thus reducing the moment arm. Across all categories, subjects with
high arm carry demonstrated higher mean peak elbow moments but lower peak shoulder moment
about the flexion axes of the joint-fixed coordinate systems.
----- Right Arm
----- Left Arm

Figure 4.1: Elbow and shoulder moments for subject 19, where the vertical lines indicate
foot strike and toe off.

33

Table 4.1: Mean ± standard deviation of peak normalized elbow moments (N-m/BW x
102) for all low arm carry and all high arm carry subjects. Data are grouped by left and
right elbow for left foot-strike (LS) and right foot-strike (RS) trials. Percent difference is
positive when high arm carry has the higher elbow moment.
High Arm

Low Arm

Carry Group

Carry Group

Right Elbow, LS

5.2 ± 1.3

3.5 ± 1.3

38%

Left Elbow, RS

6.4 ± 1.4

3.6 ± 1.1

55%

Right Elbow, RS

5.6 ± 1.7

4.4 ± 1.6

23%

Left Elbow, LS

6.2 ± 1.5

4.1 ± 1.2

40%

% Difference

Table 4.2: Mean ± standard deviation of peak normalized shoulder moment (N-m/BW x
102) grouped by low or high arm carry subjects, right or left shoulder, and left foot or
right foot-strike trials. Percent difference is negative when low arm carry has the higher
shoulder moment.
High Arm

Low Arm

Carry Group

Carry Group

Right Shoulder, LS

11.5 ± 1.9

13.1 ± 4.2

-13%

Left Shoulder, RS

11.5 ± 2.5

13.2 ± 3.8

-14%

Right Shoulder, RS

13.3 ± 5.6

15.2 ± 5.6

-13%

Left Shoulder, LS

12.6 ± 6.2

14.9 ± 6.2

-17%

% Difference

Normalized Moment (N-m/BW)
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Time (s)

Figure 4.2: Right and left shoulder moments by subject for all left foot-strike trials.
Subjects 19 through 64 have high arm carry, while 67 through 78 have low arm carry.

Normalized Moment (N-m/BW)
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Time (s)

Figure 4.3: Right and left elbow moments by subject for all left foot-strike trials.
Subjects 19 through 64 have high arm carry, while 67 through 78 have low arm carry.
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4.2 Relative Phase
As anticipated, significant phase lag was calculated for the shoulder moments, while the
elbow moments showed less lag (Table 4.3). For all subjects, right and left shoulder moments
had a phase lag of more than one stance interval. Elbow moments only lagged by about 10% of
the stance period. For reference, the average stance time was approximately a quarter of a
second. The data does not indicate that there was any relationship between phase lag and arm
carry. However, there was a high degree of variability between subjects.

Table 4.3: Mean ± standard deviation of relative phase of shoulder and elbow moments
expressed as a percentage of stance time.
Subject

Elbow

Shoulder

High Arm Carry Group
19

8.7 ± 0. 9%

124.7 ± 3.0%

20

11.2 ± 1.5%

150.4 ± 3.9%

61

8.1 ± 0.9%

114.1 ± 4.6%

64

7.3 ± 1.7%

100.2 ± 8.5%

Mean

9.0 ± 2.0%

123.9 ± 19.9%

Low Arm Carry Group
67

7.8 ± 0.2%

113.8 ± 2.5%

71

10.3± 1.5%

131.3 ± 3.8%

73

9.5 ± 1.5%

129.6 ± 7.5%

78

7.3 ± 0.2%

107.8± 3.2%

Mean

8.8 ± 1.6%

121.1 ± 10.8%
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4.3 Symmetry
Many different indices and statistical techniques can be employed to analyze gait
symmetry over multiple variables. However, a simple ratio can effectively be used to quantify
symmetry or asymmetry between left and right gait parameters (Heydar et al., 2000). A perfectly
symmetrical movement has a ratio of one. The symmetry index of left shoulder moment to right
shoulder moment was determined from the left shoulder peak before left foot foot strike and the
right peak before right foot strike events during the gait cycle to compare the behavior of the
right and left arms (Figure 4.4, Table 4.4, and Table 4.5). The same procedure was used to find
the index of left to right elbow moments at the mid-stance peak (Table 4.6 and Table 4.7).
Shoulder flexion angles display a sinusoidal pattern of movement. Upper arm flexion
occurs immediately before and during the stance phase of the same-side foot. Extension occurs
immediately before and during the stance phase of the opposite-side foot (Figure 4.5). Symmetry
indices for shoulder flexion angles were calculated using the same procedure as shoulder
moments (Table 4.8 and Table 4.9). Elbow flexion symmetry was defined differently, because
elbow angle often remains fairly constant throughout a gait cycle. Not every runner shows a clear
sinusoidal pattern or peak flexion (Figure 4.6). Hence, the symmetry indices for elbow flexion
were calculated for the entire trial timeseries, offset by the relative phase lag (
Table 4.10 and
Table 4.11). There was no apparent relationship between arm carry type and tendency
towards symmetry. Most subjects did demonstrate a measurable degree of asymmetry, although
it is unknown how the symmetry index would change from gait cycle to gait cycle, since values
were calculated at only one foot-strike. While the high arm carry group showed a preference for

38

higher left elbow flexion, the magnitude of the asymmetry was not significantly different from

Normalized Shoulder Moment (N-m/BW)

the low arm carry group, which had showed a preference towards higher right elbow flexion.

Sampling Frame at 150 Hz

Figure 4.4: Illustration of sample symmetry index calculations for Subject 19 – peak left
shoulder moment values were divided by peak right shoulder moment values. The circles
(o) reflect the peaks for each of the trials.
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Table 4.4: Mean ± standard deviation of shoulder moment Symmetry Indices for left footstriking trials.
Shoulder Moment Symmetry in Left Striking Trials
Subject

Symmetry Index (L/R)

Difference (L/R-1)

High Arm Carry Participants
19

0.94 ± 0.06

-0.07

20

0.85 ± 0.10

-0.15

61

1.35 ± 0.01

0.70

64

1.29 ± 0.13

0.29

Mean

1.10 ± 0.32

0.10

Low Arm Carry Participants
67

0.73 ± 0.08

-0.27

71

1.70 ± 0.12

0.70

73

1.07 ± 0.11

0.07

78

1.42 ± 0.27

0.42

Mean

1.15 ± 0.39

0.15

Table 4.5: Mean ± standard deviation of shoulder moment Symmetry Indices for right footstriking trials.
Shoulder Moment Symmetry in Right Striking Trials
Subject

Symmetry Index (L/R)

Difference (L/R-1)

High Arm Carry Participants
19

0.93 ± 0.10

-0.08

20

0.78 ± 0.06

-0.22

61

0.66 ± 0.09

-0.34

64

1.28 ± 0.17

0.28

Mean

1.00 ± 0.22

0.00

Low Arm Carry Participants
67

0.82 ± 0.06

-0.18

71

0.60 ± 0.04

-0.40

73

1.17 ± 0.15

0.17

78

1.18 ± 0.08

0.18

Mean

0.92 ± 0.27

-0.08

40
Table 4.6: Mean ± standard deviation of elbow moment Symmetry Indices for right foot-striking
trials.
Elbow Moment Symmetry in Right Striking Trials
Subject

Symmetry Index (L/R)

Difference (L/R-1)

High Arm Carry Participants
19

1.01 ± 0.03

0.01

20

1.21 ± 0.10

0.21

61

1.08 ± 0.04

0.08

64

1.42 ± 0.09

0.42

Mean

1.19 ± 0.17

0.19

Low Arm Carry Participants
67

0.83 ± 0.06

-0.17

71

1.11 ± 0.12

0.11

73

1.02 ± 0.21

0.02

78

0.95 ± 0.07

-0.05

Mean

0.94 ± 0.22

-0.06

Table 4.7: Mean ± standard deviation of elbow moment Symmetry Indices for left foot-striking
trials.
Elbow Moment Symmetry in Left Striking Trials
Subject

Symmetry Index (L/R)

Difference (L/R-1)

High Arm Carry Participants
19

1.25 ± 0.07

0.25

20

1.09 ± 0.06

0.09

61

1.15 ± 0.30

0.15

64

1.38 ± 0.06

0.38

Mean

1.20 ± 0.17

0.20

Low Arm Carry Participants
67

1.21 ± 0.12

0.21

71

1.04 ± 0.10

0.04

73

1.50 ± 0.12

0.49

78

0.93 ± 0.10

-0.07

Mean

1.21 ± 0.24

0.21
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Table 4.8: Mean ± standard deviation of shoulder flexion angle Symmetry Indices for left footstriking trials.
Shoulder Flexion Symmetry in Left Striking Trials
Subject

Symmetry Index (L/R)

Difference (L/R-1)

High Arm Carry Participants
19

0.97 ± 0.03

-0.03

20

1.02 ± 0.04

0.02

61

0.90 ± 0.01

-0.10

64

1.04 ± 0.01

0.04

Mean

0.99 ± 0.06

-0.01

Low Arm Carry Participants
67

0.94 ± 0.01

-0.06

71

0.99 ± 0.01

-0.01

73

1.07 ± 0.04

0.07

78

1.10 ± 0.03

0.10

Mean

1.02 ± 0.06

0.02

Table 4.9: Mean ± standard deviation of shoulder flexion angle Symmetry Indices for left footstriking trials.
Shoulder Flexion Symmetry in Right Striking Trials
Subject

Symmetry Index (L/R)

Difference (L/R-1)

High Arm Carry Participants
19

0.98 ± 0.02

-0.02

20

1.00 ± 0.04

0.00

61

0.95 ± 0.01

-0.05

64

1.07 ± 0.07

0.07

Mean

1.00 ± 0.06

0.00

Low Arm Carry Participants
67

0.96 ± 0.04

-0.04

71

0.98 ± 0.02

-0.02

73

1.03 ± 0.06

0.03

78

1.11 ± 0.05

0.11

Mean

1.02 ± 0.07

0.02
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Table 4.10: Mean ± standard deviation of elbow flexion angle Symmetry Indices for right footstriking trials.
Elbow Flexion Symmetry in Right Striking Trials
Subject

Symmetry Index (L/R)

Difference (L/R-1)

High Arm Carry Participants
19

0.82 ± 0.05

-0.18

20

0.80 ± 0.02

-0.20

61

0.93 ± 0.04

-0.07

64

0.83 ± 0.04

-0.17

Mean

0.84 ± 0.06

-0.16

Low Arm Carry Participants
67

1.16 ± 0.06

0.16

71

1.01 ± 0.01

0.01

73

1.10 ± 0.07

0.10

78

1.14 ± 0.04

0.14

Mean

1.10 ± 0.08

0.10

Table 4.11: Mean ± standard deviation of elbow flexion angle Symmetry Indices for left footstriking trials.
Elbow Flexion Symmetry in Left Striking Trials
Subject

Symmetry Index (L/R)

Difference (L/R-1)

High Arm Carry Participants
19

0.84 ± 0.03

-0.16

20

0.85 ± 0.03

-0.15

61

0.88 ± 0.03

-0.12

64

0.84 ± 0.03

-0.16

Mean

0.85 ± 0.03

-0.15

Low Arm Carry Participants
67

1.04 ± 0.03

0.04

71

1.06 ± 0.04

0.06

73

1.02 ± 0.05

0.02

78

1.21 ± 0.03

0.21

Mean

1.07 ± 0.08

0.07

Flexion angle (degrees)

43

Time (s)

Figure 4.5: Shoulder flexion angles for all right foot-striking trials. The dotted blue lines
indicate right foot strike and right toe off for each of the trials.

Flexion angle (degrees)
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Time (s)

Figure 4.6: Elbow flexion angles for all right foot-striking trials. The dotted blue lines
indicate right foot strike and right toe off for each of the trials.
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4.4 Whole Body Angular Momentum
The normalized leg, arm, and whole body angular momentum about the vertical axis
through the model center of mass follow similar patterns for all eight subjects (Figure 4.7).
During a right foot-strike trial, both legs have a counterclockwise (positive) angular velocity
about the whole body center of mass. The arms, swinging in the opposite direction, have a
clockwise angular velocity and thus a negative angular momentum. Overall, the whole body
angular momentum is positive throughout the right foot-striking stance phase, but is reduced by
the opposite contribution of the arms. It is apparent that the arms serve to counteract the angular
momentum of the lower body in order to keep whole body rotation to a minimum. However,
there is no clear correlation between arm carry style and any of the calculated contributors to
angular momentum (Table 4.12).
While whole body angular momentum seems to be slightly higher on average in low arm
carry subjects, the small sample size makes it impossible to associate the difference with arm
carry technique. Similarly, expressing the angular momentum of the arms as a percentage of the
angular momentum of the legs reveals some interesting variation between subjects, but without
enough subjects to identify any trends. The sample is also too small to identify any trends about
how the angular momentum of the arms changes with elbow flexion. It seems as though the
moment of inertia of the arms about the vertical axis through the center of mass may increase
with decreasing elbow flexion, but more evidence is needed to support that theory.
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Normalized Angular Momentum (kg-m2∙s-1/BW x 10-3)

----- Legs
----- Arms
----- Whole Body

Time (s)

Figure 4.7: Whole body, total arm, and total leg angular momentum about the vertical
axis through the center of mass during right strike trials.
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Table 4.12: Mean ± standard deviation of peak normalized angular momentum (Iω) of
whole body, legs, and arms about the vertical axis during stance phase for all trials, as
well as the angular momentum of the arms as a percentage of angular momentum of the
legs. Note: arms have opposite sign. All values are in units of force-length/force, (kgm2∙s-1/BW x 10-3).
Subject

Whole Body
Iω

Legs Iω

Arms Iω

Arms as a percentage
of legs

High Arm Carry Participants
19

0.46 ± 0.29

4.60 ± 0.07

2.66 ± 0.05

58%

20

0.94 ± 0.16

4.66 ± 0.41

2.06 ± 0.06

44%

61

1.07 ± 0.45

5.48 ± 0.32

3.35 ± 0.04

61%

64

2.26 ± 0.27

6.02 ± 0.21

2.56 ± 0.17

42%

Mean

0.97 ± 0.81

3.84 ± 1.43

2.05 ± 0.89

53%

Low Arm Carry Participants
67

3.30 ± 0.18

6.15 ± 0.15

1.92 ± 0.13

31%

71

1.22 ± 0.22

3.72 ± 0.23

1.52 ± 0.04

41%

73

1.13 ± 0.21

5.21 ± 0.18

2.74 ± 0.12

53%

78

1.27 ± 0.14

5.10 ± 0.23

2.16 ± 0.02

42%

Mean

1.31 ± 0.80

3.54 ± 0.75

1.56 ± 0.20

44%

4.5 Segment Power
During a right foot strike, the right arm experiences an energy gain until mid-stance,
when it begins to transfer energy to the rest of the body and experiences negative power (Figure
4.8 and Figure 4.9). The reverse of this trend is seen in the arm opposite the foot strike forearm
and upper arm powers were added to find the total arm power. Peak total arm power was
extracted from each trial (Table 4.13). There was no noticeable relationship between power and
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arm carry. Each subject had relatively consistent arm segment powers for each trial, but there

Power Normalized by Body Weight (W/BW)

was a significant variation in arm power between subjects.

Figure 4.8: Sample of normalized arm segment power in a right striking trial.

Table 4.13: Mean ± standard deviation of maximum normalized power (W/BW x 102)
for right arms in right strike trials.
Low arm carry
subjects

Mean peak power

High arm carry
subjects

Mean peak power

19

21.0 ± 1.6

67

8.4 ± 2.9

20

13.2 ± 1.0

71

11.5 ± 0.6

61

46.4 ± 9.0

73

21.3 ± 3.8

64

14.4 ± 1.5

78

16.1 ± 1.5

Mean

23.8 ± 13.4

Mean

12.2 ± 7.0
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Normalized Segment Power (W/BW)

----- Left Arm
----- Right Arm

Time (s)

Figure 4.9: Total power of right and left arms during right strike trials.
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4.6 Induced Acceleration
The induced acceleration indices (IAI) that describe the potential of the elbow and
shoulder joints to acceleration one another reveal a significant difference between subjects with
low arm carry and subjects with high arm carry. For both groups, the shoulder has a greater
potential to accelerate the elbow than the elbow has to accelerate the shoulder. This result can be
understood intuitively as a whip-like movement of the arm, where moments generated at the
shoulder propagate to the elbow and then the wrist in a chain reaction (Table 4.14).
Interestingly, the joints on subjects with high arm carry have far more potential to
accelerate one another than do the joints on subjects with low arm carry (Table 4.14,
Figure 4.10, and
Figure 4.11). Going back to the joint moments from section 4.1, it makes sense that low
arm carry subjects would have higher shoulder moments, since more moment is needed to
accelerate the elbow for this pose. Even with lower shoulder moments, high arm carry subjects
still have much higher elbow moments; moment is proportional to angular acceleration, which
the IAI indicates will be much greater than that of low arm carry subjects with the same shoulder
moment input.

51

Induced Acceleration Index of Elbow on Shoulder

----- Left Arm
----- Right Arm

Time (s)

Figure 4.10: IAI of elbow joint on shoulder joint in right striking trials. The dotted blue
lines indicate right foot strike and right toe off. Recall that subjects 19 through 64 have
high arm carry, and subjects 67 through 78 have low arm carry for each trial.
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Induced Acceleration Index of Shoulder on Elbow

----- Left Arm
----- Right Arm

Time (s)

Figure 4.11: IAI of shoulder joint on elbow joint for right striking trials. The dotted blue
lines indicate right foot strike and right toe off for each trial.
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Table 4.14: Mean ± standard deviation of peak induced acceleration indices for the
elbow and shoulder joint for all right foot-strike trials.
Subject

Right Elbow on

Left Elbow on

Left Shoulder on

Right Shoulder on

Right Shoulder IAI

Left Shoulder IAI

Left Elbow IAI

Right Elbow IAI

High Arm Carry Participants
19

0.16 ± 0.01

0.19 ± 0.01

1.80 ± 0.15

1.50 ± 0.08

20

0.16 ± 0.01

0.20 ± 0.00

1.80 ± 0.06

1.31 ± 0.07

61

0.20 ± 0.01

0.21 ± 0.00

2.04 ± 0.03

1.08 ± 0.90

64

0.17 ± 0.01

0.18 ± 0.00

1.70 ± 0.06

1.51 ± 0.07

Low Arm Carry Participants
67

0.12 ± 0.04

0.04 ± 0.00

0.27 ± 0.04

0.60 ± 0.36

71

0.12 ± 0.01

0.08 ± 0.01

0.58 ± 0.06

0.77 ± 0.04

73

0.10 ± 0.02

0.10 ± 0.01

0.61 ± 0.23

0.51 ± 0.28

78

0.15 ± 0.01

0.07 ± 0.03

0.46 ± 0.26

0.67 ± 0.34

4.7 Summary of Results

The previous sections contain the results of the study. First, the elbow and shoulder joint
moments and the relative phase of those moments were presented, followed by the symmetry of
the joint moments and flexion angles of the right and left arms. Finally, angular momentum,
segment power, and induced acceleration considerations were presented. High and low arm carry
groups were compared in each of these sections.
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Discussion
This chapter discusses the findings, limitations, potential for future research, and
conclusions of the project. While many questions about the role of the arms in running have yet
to be answered in full, the results of this study provide a baseline for future research.

5.1 Findings
The study found that the group with higher elbow flexion in arm swing showed greater
elbow moments and lower shoulder moments compared to the group with less elbow flexion.
Moreover, the elbow and shoulder joints of high arm carry subjects had a greater potential to
induce acceleration in other joint of the same arm. Because the study was exploratory, statistical
analysis was not performed to determine the statistical significance of these findings, nor was a
hypothesis tested. However, general trends are reported.
The results confirmed that the arms work together to counteract much of the angular
momentum generated by legs (Hinrichs 1987). Due to the parallel axis theorem, the arms’
placement further away from the vertical axis allows them to make a greater contribution to
angular momentum than one would expect. Even though they have smaller inertial properties
compared to the legs, the arms can create a comparable momentum about the vertical axis
through the center of mass. For this reason, the upper extremities should not be neglected in the
mechanical analysis of running.
For a number of calculations, no difference was found between subjects with high arm
carry and low arm carry. Angular momentum of the upper extremities, as well as relative phase
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between right and left elbow moments, were similar for both groups. Arm segment power had
high variability between subjects, but no apparent association with the type of arm carry. Finally,
there was no clear relationship between the symmetry indices and arm carry technique.

5.2 Limitations
The primary limitation in this study was the number of subjects analyzed. If the same
procedures were applied to a greater number of participants with high or low arm carry, results
may have surfaced from data where trends could not fully develop in such a small sample size.
Another limitation was the fact that arm swing technique was grouped only based on elbow
flexion angle. Arm swing could also be categorized into groups of similar medial-lateral rotation,
upper arm flexion, and asymmetric motion. However, analyzing more subjects requires many
more hours of work. These additional steps were not feasible due to the time constraints imposed
on an undergraduate researcher with a full course load.

5.3 Future research
As very little research exists on the reasons for arm swing variation in running, this study
provides a good starting point for future studies. Additional research could provide a clearer
description of the implications of different types of arm carry in running. First, a more in-depth
induced acceleration analysis could be performed to determine the influence of the arms on the
horizontal and vertical acceleration of the body’s center of mass. While that analysis was out of
the scope of this project, it would be instrumental in determining what effect the joint moments
of the arms have on the whole body’s motion during running. Furthermore, a simulation could be
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developed and optimized to determine the ideal arm movement for different objective functions
of running, such as speed or energy usage. Miller et al. (2011) studied the optimization of lower
body control variables to minimize a variety of objective functions with various optimality
criteria, including cost of transport, muscle activation, and muscle stress. Cost of transport, stride
frequency, stride length, and joint angles were predicted for each objective function and
compared to experimental data. This study could be modified to include the upper extremities
and predict ideal elbow and shoulder flexion angles for different objective functions. Possibly, a
high variability of arm swing exists even among elite athletes because runners fall into local
minima of optimal arm swing. Alternatively, there could be many equally effective techniques
depending on a person’s anthropometry and running style.
The inconclusive results for role of arms in producing angular momentum about the
vertical axis warrants further research. Because the arms do play such an important role in
counteracting the momentum produced by the legs, it is very likely that angular momentum
considerations do play an important role in why runners have different arm swing techniques. A
future study might compare the arm swing of subjects with different hip widths and/or foot strike
widths, and therefore different moments of inertia, producing angular momentum about the
vertical axis. Medial-lateral rotation of the arms should also be taken into account rather than
only the flexion angle when categorizing subjects. Hinrichs (1987) suggests that the ideal angular
momentum about the vertical axis is one that minimizes the amount of torque a runner’s foot has
to exert on the ground during stance. Finding the right balance of upper and lower extremity
momentum could reduce injuries caused by torsion in the legs during stance.
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5.4 Conclusions
While this project does not fully resolve the search for an ideal arm swing technique in
running, it does reveal some avenues for future research to explore. Significant differences in
shoulder and elbow moments as well as induced acceleration indices between the high and low
arm carry groups raise more questions about why runners display such a high degree of variation
in upper extremity motion. These findings provide a small advancement in areas of
biomechanics and human movement that have yet to be thoroughly explored.
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Appendix A
Selected MATLAB Code

A.1 Relative Phase Analysis
%% Left foot strike shoulder lag analysis
% first, run fourier fit for left strike
for i=1:33
figure(i)
hold on
plot(fl(1:indl(i),i)) % Plot signals for sanity check
plot(fr(1:indr(i),i))
legend('left shoulder','right shoulder')
[ c, lag] = xcorr( fr(1:indr(i)), fl(1:indl(i))); % Crosscorrelation
[ maxC, I ] = max( c);
% find index where c is maximum
signal_lag_ls(i) = abs( 1*lag(I)); % find lag value in
sampling frames (divide by 150 for value in seconds).
end
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A.2 Induced Acceleration Index
%% Calculate IAI for left elbow on left shoulder
% Inertial Properties of forearm and upper arm segments for each
subject
I1= [0.0111011 0.0101124 0.0160733 0.0223372 0.0136462 0.0152877
0.0106719 0.0109319];
m1= [1.69085
1.68685];

1.65357 2.296

2.8411

1.652

2.2988

1.67315

l1 = [0.265543 0.257946
0.286075
0.271107
0.267078
0.272452];

0.296347

lcm1= [0.123776 0.116035
-0.119211
0.12079 0.116352
0.115289];

0.13379 0.143683

m2 = [0.966198 0.944898
0.956086
0.963914];

1.312

1.62349 0.944

0.299764

1.3136

lcm2=[0.102185 0.103058
0.107023
0.103787
0.106068
0.114884];

0.1072

0.115333

I2=[0.00491177 0.00460927 0.0060239
0.00640724 0.00466554 0.0052001];

0.00857052

0.00626089

l2=[0.244542
0.238006
0.228972
0.2377 0.237228
0.249582];

0.248465

0.283837

% thetas are left and right elbow flexion angles from right
striking trials
% grouped by column in DEGREES
t2=le_rs; % left
t2r=re_rs; % right
for k=1:8
d=in_rs(k,1):in_rs(k,2) % select values from same subject
% calculate IAI of left elbow on shoulder
iai21_lers(:,d)=abs((m2(k)*(lcm2(k)^2+l1(k)*lcm2(k)* ...
cosd(t2(:,d))+I2(k))./(m1(k)*lcm1(k)^2+m2(k)* ...
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(l1(k)^2+lcm2(k)^2+2*l1(k)*lcm2(k)*cosd(t2(:,d))+I1(k)+I2(k)))))
;
% calculate IAI of right elbow on shoulder
iai21_rers(:,d)=abs((m2(k)*(lcm2(k)^2+l1(k)*lcm2(k)* ...
cosd(t2r(:,d))+I2(k))./(m1(k)*lcm1(k)^2+m2(k)* ...
(l1(k)^2+lcm2(k)^2+2*l1(k)*lcm2(k)*cosd(t2(:,d))+I1(k)+I2(k)))))
;
end
% Plot results
figure('Name','IAI ELBOW ON SHOULDER LEFT
STRIKE','NumberTitle','off')
for i=1:8
subplot(4,2,i)
title(subjects(i,:))
d=in_rs(i,1):in_rs(i,2); % group subjects
for k=1:length(d)
hold on
plot(in,iai21_rers(:,d),'r') % right side red
plot(in,iai21_lers(:,d),'b') % left side blue
plot([rhs(d(k)), rhs(d(k))],[0,.3],'c--') % Plot right
heel strike
plot([rto(d(k)), rto(d(k))],[0,.3],'c--') % Plot left
toe off
axis([0 .5 0 .25])
end
end
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Appendix B
Visual 3D Pipeline Commands
B.1 Whole Body Angular Momentum
First_Derivative
/SIGNAL_TYPES=KINETIC_KINEMATIC
/SIGNAL_FOLDER=Model
/SIGNAL_NAMES=CenterOfMass
/RESULT_TYPES=DERIVED
/RESULT_FOLDER=COM
/RESULT_SUFFIX=_VEL
;
For_Each
/ITERATION_PARAMETER_NAME=SEG_NAME
/ITEMS=RFT+RSK+RTH+LFT+LSK+LTH+RPV+RAR+LAR+LFA+RFA
;
! compute the R for (r x mv)
Evaluate_Expression
/EXPRESSION=vector((Kinetic_Kinematic::&::SEG_NAME& ::CGPos::X KINETIC_KINEMATIC::MODEL::CenterOfMass::X ),
(Kinetic_Kinematic::&::SEG_NAME& ::CGPos::Y KINETIC_KINEMATIC::MODEL::CenterOfMass::Y),
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(Kinetic_Kinematic::&::SEG_NAME& ::CGPos::Z KINETIC_KINEMATIC::MODEL::CenterOfMass::Z))
/RESULT_NAME=::SEG_NAME&_R
! /RESULT_TYPE=DERIVED
! /RESULT_FOLDER=PROCESSED
;

! compute mv
Evaluate_Expression
/EXPRESSION=(MODEL::SEGMENT::&::SEG_NAME&:&:MASS)*(Kinetic_Kinem
atic::&::SEG_NAME& ::CGVel - DERIVED::COM::CENTEROFMASS_VEL )
/RESULT_NAME=::SEG_NAME&_mv
! /RESULT_TYPE=DERIVED
! /RESULT_FOLDER=PROCESSED
;

! compute rxmv
Evaluate_Expression
/EXPRESSION=cross(DERIVED::PROCESSED::&::SEG_NAME&_R,
DERIVED::PROCESSED::&::SEG_NAME&_mv)
/RESULT_NAME=::SEG_NAME&_rxmv
! /RESULT_TYPE=DERIVED
! /RESULT_FOLDER=PROCESSED
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;
Compute_Model_Based_Data
/RESULT_NAME=::SEG_NAME&_IW
/FUNCTION=ANGULAR_MOMENTUM
/SEGMENT=::SEG_NAME
/REFERENCE_SEGMENT=LAB
;
! compute rxmv
Evaluate_Expression
/EXPRESSION=LINK_MODEL_BASED::ORIGINAL::&::SEG_NAME&_IW +
DERIVED::PROCESSED::&::SEG_NAME&_rxmv
/RESULT_NAME=::SEG_NAME&_IW
/RESULT_TYPE=DERIVED
/RESULT_FOLDER=Momentum_Contribution
;

End_For_Each
/ITERATION_PARAMETER_NAME=SEG_NAME
;

Add_Signals
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