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DEVELOPMENT AND EVALUATION OF INSTRUMENTED SOCCER
EQUIPMENT TO COLLECT ANKLE JOINT KINEMATICS IN THE FIELD
Jonathan Stephen Akins, Ph.D.

University of Pittsburgh, 2013

Ankle sprains commonly occur during athletic competition and result in traumatic injury to the
lateral ligament complex. Ankle ligament sprains are the most common injury type for
intercollegiate soccer players and athletes that sustain lateral ankle sprains may lose game and/or
practice time, have recurrent sprains due to ankle instability, incur proprioceptive deficits, and be
at an increased risk of ankle osteoarthritis. The high rate of ankle injuries among soccer athletes
demonstrates a need for novel and advanced data collection methodologies to reduce the
incidence of lateral ankle sprains and improve injury prevention interventions.

The purposes of this study were to develop instrumented soccer equipment to collect
ankle joint kinematics in the field; establish the reliability and validity of a kinematic assessment
using instrumented equipment during athletic maneuvers; and identify laboratory maneuvers that
elicited game-like demands from athletes. Wireless orientation sensors were integrated into
soccer shin guards and turf shoes. The instrumented equipment collected ankle joint kinematics
during simulated athletic maneuvers in the laboratory and field. The simulated athletic
maneuvers in the laboratory are commonly performed by soccer players and have been
previously studied. Maneuvers included drop landing, drop jump, stop jump, and jump-stop cut.
Drop landing and drop jump maneuvers resulted in poor to excellent reliability and very good to

excellent validity. The stop jump maneuver resulted in poor to fair reliability and excellent



validity. The jump-stop cut maneuver resulted in poor to excellent reliability and very good
validity. The soccer-specific field maneuvers were jump header, moving jump header, and
slalom. All maneuvers resulted in poor to good reliability.

To identify laboratory maneuvers that elicited game-like demands, laboratory maneuvers
of varied demand were compared to field maneuvers. Drop landing and drop jump maneuvers
from a 60 cm platform elicited a similar response to the jump header maneuver. A jump distance
recommendation for the stop jump maneuver was not warranted because jump distance did not
significantly alter landing biomechanics. The instrumented equipment collected reliable and
valid ankle joint kinematics in the sagittal plane and are a promising technology for in-game data

collection and injury prevention.
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1.0 INTRODUCTION

Injuries are an unfortunate aspect of athletics and many sports have adopted protective
equipment to reduce injury rates. Football helmets are used to prevent head injuries and have
evolved from padded leather to instrumented equipment. Modern instrumented helmets are
capable of recording real-time impacts during athletic competition that are valuable injury
prevention tools. Data collected from these helmets quantify player collisions and are used to
establish design criteria to prevent concussions. Musculoskeletal injuries are prevalent in most
sports, yet football helmets remain as the only protective equipment integrated with sensors.
Instrumenting sporting equipment with inertial sensors will allow kinematic measurements to be
collected outside the laboratory and during athletic competition. The kinematic data could
provide health professionals, researchers, and coaches useful information to prevent
musculoskeletal injuries.

The current human motion analysis research paradigm is to collect data in a laboratory to
obtain reliable and wvalid biomechanical measurements. Recently, low-powered
microelectromechanical inertial and magnetic sensors have been used to collect kinematic data
outside of the laboratory and are referred to as inertial based motion analysis systems. These
sensors are affordable, compact, and not limited to small capture volumes. Data collection

outside of the laboratory allows participants to be evaluated on their actual playing surfaces and



in sport specific environments. Additionally, the chaotic environments that athletes encounter

during competition (teammates, opponents, crowds, etc.) can be included during data collection.

1.1 BACKGROUND

Acute lateral ankle sprains are common during athletic competition® 2 and result in traumatic
injury to the lateral ligament complex in 85-95% of all ankle sprains.>® Athletes that sustain
lateral ankle sprains may lose play and/or practice time, have recurrent sprains due to ankle
instability, 7 incur proprioceptive deficits,®® and be at an increased risk of ankle
osteoarthritis. 12 In intercollegiate soccer, ankle ligament sprains were the most common injury
type for males (17.0%, 3.19 injuries per 1000 athlete-exposures (AE))* and females (18.3%, 3.01
injuries per 1000 AE).? For all injuries, men’s soccer injury rates rank third (18.8 injuries per
1000 AE) and women’s soccer ranks fourth (16.4 injuries per 1000 AE) behind men’s football
(35.9 injuries per 1000 AE) and men’s wrestling (26.4 injuries per 1000 AE).™® The high rate of
ankle injuries among soccer athletes demonstrates a need for novel and advanced data collection
methodologies to reduce the incidence of lateral ankle sprains and improve injury prevention
interventions.

Multi-directional movement patterns are necessary to successfully perform dynamic
soccer maneuvers. Several studies have compared movement patterns of pathological individuals
to healthy controls to identify altered movement patterns.'*?° Quantifying altered movement
patterns may lead to improved injury prevention, therapeutic, and prophylactic interventions.?
For example, individuals with ankle instability resulted in greater dorsiflexion,'® greater

inversion,* 17-20 and increased frontal plane movement variability!® during dynamic tasks that



included gait, running, and landing. Interestingly, Demeritt et al.?® found that functional
performance, measured with shuttle run and agility hop tests, was not negatively impacted in
individuals with chronic ankle instability. Without limitations in functional performance, athletes
may not properly address ankle instability and be at an increased risk of severe injuries and long
term disability.'> 12 A limitation of these studies is the collection of data in the laboratory instead
of the field. Laboratories provide a controlled environment, but are limited in the ability to create
sport specific environments.

Literature comparing data collected in a laboratory to data collected in the field is scarce.
For cycling, seven male cyclists performed one-minute tests at their maximal aerobic power in
the laboratory and outdoors on level and uphill terrains??2. Crank torque profiles were
significantly different and higher rates of perceived exertion were reported in the laboratory as
compared to outdoor conditions. For running, metabolic costs of nine male runners were
compared between treadmill running and outdoor running®®. A 1% treadmill grade at velocities
between 2.9 and 5.0 m/s resulted in similar metabolic costs as compared to level outdoor
running. This study identified a laboratory test that simulates actual athletic demand. Many
researchers have studied ankle joint kinematics during dynamic tasks,'4 182024 25 jncluding three
during injury,?%2® but no studies were identified comparing human joint kinematics between
laboratory and field environments. The primary reason for limited studies comparing laboratory
and outdoor data is the portability of instrumentation. Therefore, the purposes of this study are to
develop instrumented soccer equipment to collect ankle joint kinematics in the field, establish
reliability and validity of a kinematic assessment using instrumented equipment during athletic
maneuvers, and to identify typical laboratory maneuvers that elicit game-like demands from

athletes.



1.2 INNOVATION

Research laboratories provide a controlled environment to obtain reliable and valid
biomechanical measurements, but are limited in the ability to create population/sport specific
environments. For example, many sports are played outdoors on grass or artificial surfaces.
These surfaces are difficult to simulate in a laboratory and limited capture volumes restrict the
tasks that can be analyzed. Additionally, participants in a laboratory may consciously or
subconsciously alter, for example, their landing biomechanics due to researchers ‘eyeballing’
their technique. Development of reliable and valid motion capture technology capable of
collecting biomechanical data outside of the laboratory allows researchers to collect data in
population specific environments. Furthermore, integrating motion capture technology into
sporting equipment will eliminate the obtrusive nature of typical motion capture technology
because sensors and/or markers attached to athletes may alter their natural mechanics.

The National Collegiate Athletic Association mandated the use of shin pads in 1991 and
while there was no reduction in lower leg injuries,* the mandate provides equipment in which to
integrate sensors. Previous studies have measured reliable?® *° and valid®3 ankle joint
kinematics using inertial measurement systems; however, these technologies required
participants to be tethered to a computer or to wear a data logging system. Data logging systems
can be attached to the waist or worn in a backpack and wires run to the sensor modules. This
setup is acceptable for gait applications, but does not provide the necessary portability for
dynamic athletic maneuvers. The system used in this study had wireless and data logging
capabilities for each sensor module, eliminating cumbersome wires and data logging systems.

Future directions of instrumented sports equipment may allow simultaneous data

collection from one to several players during athletic competition. Coupling this technology with

4



smartphones and/or tablets could provide coaches real-time athlete data and provide spectators
with additional information about their favorite athlete. For example, coaches and spectators
could visualize a player’s running speed and ball striking velocity. Instrumented sports
equipment would also provide clinicians and researchers with biomechanical data collected
during actual competition and possibly an injury event. This would be a revolutionary tool to
study injury biomechanics. Previous studies have utilized biomechanical approaches to obtain
guantitative data from ankle injuries,?®? but require extensive post-processing and would not be
feasible on multiple players. A field based system has several applications and will provide new
insight into the mechanisms of injury, assist in the development of improved sport equipment,

and aid injury prevention techniques.

1.3 STATEMENT OF PURPOSE

The purposes of this study were to develop instrumented soccer equipment to collect ankle joint
kinematics in the field; establish the reliability and validity of a kinematic assessment using
instrumented equipment during athletic maneuvers; and identify laboratory maneuvers that are

capable of eliciting game-like demands from athletes.

1.4  SPECIFIC AIM AND HYPOTHESES

Specific Aim 1: To develop instrumented soccer shin pads and cleats to measure and record

ankle joint kinematics using wireless inertial and magnetic sensors



Specific Aim 2: To establish the reliability and validity of a kinematic assessment using

instrumented equipment during athletic maneuvers (drop landing, drop jump, stop jump, and

side-step cutting)

Hypothesis 2.1: Ankle joint kinematics collect by the instrumented equipment will have

good test-retest reliability (ICC > 0.80) and standard error of measurement between < 5°

for plantar flexion/dorsiflexion and < 3° for inversion/eversion

Hypothesis 2.2: Ankle joint kinematics collected by the instrumented equipment will

have excellent concurrent criterion validity with excellent correlation coefficients (r >
0.95) and root mean squared errors < 5° for plantar flexion/dorsiflexion and < 3° for

inversion/eversion as compared to a video-based motion analysis system

Specific Aim 3: To identify laboratory maneuvers that elicit game-like demands by comparing

ankle joint kinematics collected in the field to ankle joint kinematics collected in the laboratory

during athletic maneuvers of varied demand

Hypothesis 3: Ankle joint kinematics will be similar between the landing phase of the
jump header and drop landing maneuver at a platform height of 20 cm, between the
landing phase of the moving header and stop jump at 40% of the participant’s height, and
between the cutting phase of the slalom course and jump-stop cutting maneuver at 40%

of the participant’s height



This is the first study to integrate soccer equipment with sensors to measure ankle joint
kinematics in the field. Furthermore, this is the first study to compare field and laboratory data to
identify laboratory maneuvers that elicit game-like demands. Identification of these laboratory
maneuvers provide justification for selecting platform heights and jump distances for landing

biomechanics during athletic maneuvers.

1.5 ORGANIZATION OF DISSERTATION

The following chapters are arranged by Specific Aims: Chapter 2 details the development of
instrumented equipment; Chapter 3 the reliability and validity; and Chapter 4 the identification
of laboratory maneuvers that elicit game-like demands. Limitations of this work are provided in

Chapter 5 and Chapter 6 provides concluding remarks and future work.



20 DEVELOPMENT OF INSTRUMENTED SOCCER EQUIPMENT

Three-dimensional (3D) ankle joint kinematics are traditionally measured using high speed
video-based motion analysis systems in a laboratory. These systems use multiple cameras to
track retro-reflective markers placed on anatomical landmarks. Marker trajectories are used with
anthropometric measurements to calculate kinematic data. These system are considered the gold
standard for collecting human kinematics.®” However, video-based motion analysis systems are
costly, require trained personnel, have a limited capture volume, and are limited in outdoor data
collection. Recently, a new motion analysis technology has been developed that uses low-
powered microelectromechanical systems to measure 3D human kinematics using 3D
accelerometers and 3D gyroscopes.®” ¥ The addition of 3D magnetometers reduce sensor drift
by continuous correction of the orientation obtained by integrating rate sensor data.*® The sensor
module is referred to as an inertial measurement unit (IMU) or magnetic field angular rate and
gravity sensor (MARG). For the purposes of this study, the term MARG will be used. Three-
dimensional orientation of MARGs attached to each segment of interest is used with predefined
anatomical coordinate systems“’ to calculate joint kinematics.

Development of the instrumented equipment required appropriate sensor selection,
utility, characterization, integration into soccer equipment, and metal mapping. Sensor selection
details the design specifications for this project and commercially available sensors. Sensor

utility was a pilot study to determine if the sensors were capable of measuring tibial orientation



during an athletic maneuver. Sensor characterization established the frequency response of the
selected sensor. The design, fabrication, and sensor integration of the soccer equipment is
explained. Metal mapping of the laboratory and indoor training facility was performed to

determine the appropriate location to collect data.

2.1  SENSOR SELECTION

Devices are commercially available and design specifications were established to determine the
most appropriate sensor for this project. Design specifications were: sensors, sensor algorithms,
sampling frequency, size/weight, calibration, device communication, data logging, power
management, synchronization capabilities, and software (Table 1).

Sensor requirements included accelerometer, gyroscope, magnetometer, and
thermometer. The accelerometer, gyroscope, and magnetometer had to be triaxial and have the
ability to measure data expected during athletic maneuvers. Accelerations during a drop landing
ranged 2.2 to 42.2 g*** and peak angular velocities during an ankle injury ranged 638 to 1752
°/s.26. 28 A range of expected magnetic field data was not identified. A thermometer was also
required to allow temperature compensation for the gyroscope. Sensor algorithms were available
for post-processing, but on-board algorithms were preferred to provide real-time angle
measurements to assist with data collection and to make data processing more feasible.

The sensors’ size and weight had to be as small as possible so each could be integrated
into the soccer equipment. Sensors that were able to be removed from their housing were
preferred to allow for a housing redesign to meet the needs of this project. Factory calibration of

the sensors was necessary because specific equipment is required to perform calibrations.



Wireless device communication was necessary to allow for data collection during athletic
maneuvers. A wired connection prior to collection trials would be acceptable, but a completely
wireless system was preferred. The device must be capable of on-board logging data or wireless
streaming of data. On-board data logging was preferred because of sampling frequency
limitations inherent with streaming data and potential loss of data. The device must have the
option of powering with a battery and preferably a lithium polymer battery cell. A lithium
polymer battery cell is rechargeable, small in size, and able to power similar devices for several
hours.

Two devices were used for this study, one on the tibia and one on the foot, and the data
from the devices had to be synchronized together and with the video-based motion analysis
system. Therefore, the device must allow for synchronization via hardware or software. The last
design specification is software. Software is highly preferred, but not necessary. Purchasing
devices with software will make device communication, data collection, and data reduction much

easier.

10



Table 1. Design specification of commercially available sensors

x-IMU, x-io H3-IMU, Micro IMU, MTw, Xsens Ultimate IMU,
Technologies MEMSense MEMSense Technologies  SparkFun
Specifications Limited LLC LLC B.V Electronics, Inc.
Sensors Digital Digital Digital Digital Digital
Accelerometer 3D+ 8g 3D+ 10g 3D+ 10g 3D+ 16g 3D £ 16g
Gyroscope 3D +2000°s' 3D+1200°s* 3D#1200°s! 3D+1200°s* 3D +2000°s*
Magnetometer 3D +8.1G 3D+19G 3D+19G 3D+15G 3D+4.0G
Thermometer Yes Yes Yes No No
Sensor Algorithm  IMU and AHRS  Proprietary Proprietary Proprietary None
on-board
Sampling 1-512 Hz 50-1000 Hz 50 Hz 20-120 Hz Not specified
Frequency
Size (mm) 33x42x10 51x28x16 $58 x 24 35x58x 15 36x36x7??
Weight (g) 12 55 95 27 Not specified
Calibration Factory Factory Factory Factory None
calibrated calibrated calibrated calibrated
Device USB, USB, RS422 Hirose HR-30 Wireless via LPC2148
Communication Bluetooth, software processor
Auxiliary port
Data Logging SD card, usB usB Wireless (2.4 SD
Wireless GHz) up to
(Bluetooth), 20m
USB
Power USB, LiPo USB RS422 USB Charging LiPo Battery
Management battery, station
external
Synchronization Auxiliary port:  Input: 2 None Via software None
Capabilities 8 Channel analog, 3
analogi/o, digital
digital i/o, or Output: 2
PWM i/o digital
Software x-IMU GUI None None MT Manager None

11



Design specifications were met by the x-IMU sensor from x-io Technologies and the
MTw sensor from Xsens Technologies (Table 1). Sensor specifications were similar. The x-IMU
had a lower linear acceleration range, but included a thermometer for gyroscope drift. The
primary differences were sampling frequency, data logging, and size. The sampling frequency of
the MTw devices is dependent upon the number of sensors used during data collection. The
MTw collects data wirelessly and is limited to 20 m in an office environment which restricts the
athletic maneuvers that can be performed. The x-IMU device can stream wirelessly up to 100 m,
but also can log data on-board using a secure digital (SD) card. The size is similar between the
two devices with the x-IMU being slightly shorter and thinner which is beneficial for integrating
into the soccer equipment.

The x-IMU device was selected based on the device’s ability to operate independent of a
computer and the smaller size. In the case that wireless transmission is the limiting factor for the
data collection, the x-IMU can record data on-board up to 512 Hz. The x-IMU was 16 mm
shorter and 5 mm thinner, allowing the device to be more easily integrated into the soccer

equipment easier as compared to the larger MTw devices.

2.2  SENSOR UTILITY

A pilot study was performed to determine the utility of MARGs to measure tibial kinematics

during a drop landing maneuver.
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2.2.1 Methods

One participant performed a drop landing maneuver from a height of 50 cm. This maneuver was
selected because it applies large accelerations (2.2 — 42.29)*** on the sensor and would be used
in this study (Chapters 3 and 4). The participant dropped from the platform with both feet and
landed on the ground with both feet. Segmental kinematics of the right tibia were collected
during three trials.

Segmental kinematics of the tibia were simultaneously collected using a 3D motion
analysis system and a MARG. The motion analysis system collected marker data at 192 Hz and
analog data at 592 Hz. The MARG data was collected at 64 Hz via Bluetooth on a separate
computer. Data were synchronized by measuring an analog output signal from the MARG
auxiliary port with the motion analysis system. The MARG analog output signal was a pulse-
width modulation (PWM) signal that changed from 0% to 100% duty cycle immediately prior to
logging data. The first data point of the PWM signal at 100% measured with the motion analysis
system was aligned with the first recorded MARG data point.

A rigid plate of three markers (triad) was attached the MARG using a double-sided
adhesive disc. The triad local coordinate system (LCS) was aligned with the MARG LCS. The
MARG LCS was established by the manufacture and the triad LCS was defined using the triad
markers (Figure 1). The x-axes (red) of the triad/ MARG combination were aligned with the
longitudinal axis of the tibia. It was secured using underwrap and athletic tape to limit excessive

motion artifact.
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Figure 1. Local coordinate systems for the MARG and triad. The x-axis is vertical (red), the y-axis is to the left

(green), and the z-axis is point out of the page (not pictured).

The triad LCS (Figure 1) was created using equations 1-5. The x-axis (red) was defined
as the unit vector (vi) from the inferior marker (mz) to the superior marker (mz). The z-axis (not
pictured) was defined as the cross product of the unit vector (v2, grey) from the inferior marker
(ma1) to the medial marker (ms3) and the x-axis (v1), pointing anterior or out of the page. The y-
axis (v4, green) was defined as the cross product of the z-axis and x-axis pointing to the right of

the participant.

m, —m :
Vv, = ———2 =X —axis (1)
my —m, |
v, = 2)
=t 3
my —m,|
V, =V, XV, =Z —axis (3)
V, =V, XV, =y —axis (4)

Euler angle decomposition** was used to obtain tibial kinematics from the MARG and

triad rotation matrices. Rotation matrices for the MARG were automatically calculated from the
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sensor’s software (x-IMU GUI, x-io Technologies Limited, United Kingdom) and rotation

matrices for the triad (Riad) Were calculated using the previously defined unit vectors.

Rtriad = [Vllv4lv3 '] (5)
Using a ZX Y’ rotation sequence
R=YXZ (6)
cosy 0 sinyg||1 O 0 cosa —sina 0
R=| O 1 0 [-|0 cosp —-sing|-|sina cosa O (7)
—siny 0 cosy| |0 sing cosp 0 0 1
cos gsiny
R=|cosfgsina cosacosf —sing (8)
cos S cos y

Solving for «, angle about the z-axis

R i i R
21 _ cos f#sina _Sina _ tang - o :tan‘{ z,lJ )
R,, Cosacosf cosa 22
Solving for f, angle about the x-axis
—R,, =sinB.. f=sin*(-R,,) (10)

Solving for ¥, angle about the y-axis
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R, cospsiny siny
R,, cospBcosy cosy

R
—tany ..y = tan‘l[R—l‘zj (11)

2,2

Tibial kinematic data from the triad and MARG were compared using correlation
coefficients and root mean squared error (RMSE) for each axis of rotation. Correlation
coefficients (r) were interpreted as moderate (0.65-0.74), good (0.75-0.84), very good (0.85-
0.94), and excellent (0.95-1.00) based on previously published r-values.® 47 The RMSE was

calculated using equation 12.

RMSE = \/% IZ:: [e(i)MARG - H(i )v ]2 (12)

where n is the number of samples, (i), are the tibial segmental angles as measured

by the MARG system and H(i)v are the tibial segmental angles as measured by the video-

based motion analysis system.

2.2.2 Results and Discussion

Tibial kinematics calculated from triad and MARG data were very highly correlated and resulted
in low error (Table 2). Correlations were excellent (r > 0.957) for all but the z-axis for drop
landing 1 (r = 0.863), which was categorized as very good. The y-axis (approximately tibial

flexion/extension) resulted in the lowest RMSE (0.003-0.063°), followed by the z-axis
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(approximately tibial abduction/adduction) with 0.046-0.112°, and the x-axis (approximately

internal/external tibial rotation) with 0.100-0.256°. Tibial kinematic data is plotted in Figure 2

and qualitatively show that the data is similar between the two systems.

Table 2. Correlation coefficient and root mean squared error of Vicon and MARG tibial kinematics (n = 1)

Trial Axis r p-value  RMSE (°)
Drop Landing 1 z 0.863 <£0.001 0.106
X 0.967 <0.001 0.100
Y 0.969 <0.001 0.003
Drop Landing 2 z 0.963 <0.001 0.112
X 0.980 <£0.001 0.256
Y 0.978 <0.001 0.063
Drop Landing 3 z 0.957 <0.001 0.046
X 0.974 <0.001 0.220
Y 0.996 <£0.001 0.022
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Figure 2. Tibial kinematics measured with triad and MARG (x-IMU) during the

drop landing maneuver. This trial is representative of the other trials.

The purpose of the pilot study was to determine the utility MARGs to measure tibial
kinematics. Tibial kinematic data were simultaneously collected with video-based motion
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analysis and MARG systems during a drop landing maneuver. Tibial kinematics were highly
correlated (r > 0.86) with little error (RMSE < 0.26°). These results provided evidence that the
MARG was capable of measuring segmental kinematics during dynamic maneuvers with large

impacts.

2.3  SENSOR CHARACTERIZATION

The purpose of characterizing sensors is to determine their behavior in response to a range of
stimuli specific to the intended application. For this study, inertial sensors were used to measure
segmental kinematics of human motion. The frequency response of a sensor can be used to fully
characterize the sensor and is obtained by computing the transfer function. The transfer function
of a linear, time-invariant system is defined as the ratio of the output signal to the input signal in
Laplace or frequency domains, and can be calculated using experimental data. Therefore, the
purpose of this study was to identify the frequency response of the MARG by estimating the

transfer function using experimental data.

2.3.1 Methods

A test fixture was constructed to apply random signals to the MARG (Figure 3). A stepper motor
was mounted to the fixture and a platform (15 x 15 cm) was attached to the motor. The stepper
motor was a bi-polar NEMA 23 form factor motor with 1.8° step resolution and 90 N-cm torque.
It was controlled with a microcontroller (Arduino, Italy) and Big Easy Driver (Schmalz Haus

LLC, USA). Three retro-reflective markers (14 mm) were attached to the platform to measure
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angular displacement of the stepper motor with the video-based motion analysis system at 256
Hz. Angular displacements of the motor were calculated by constructing a right-handed local
coordinate system and using Euler angle decomposition. The MARG was attached to the
platform with the test axis aligned with the stepper motor’s axis of rotation. Data from the
MARG were recorded to a SD memory card at 256 Hz. The MARG and video-based motion
analysis data were synchronized using a synchronization pulse (1 Hz square wave) that was
generated with the microcontroller. The pulse was measured with the MARG and triggered the
remote start feature of the motion capture system. Data were manually synchronized after data

collection.

Figure 3. Sensor characterization test fixture. The MARG is shown with the y-axis aligned to the stepper motor’s
axis of rotation. The three retro-reflective markers on the platform were tracked using the video-based motion

analysis system.

A pseudo-random signal was generated with the microcontroller and contained angles
that ranged 10.8° to 59.4° and frequencies that ranged 0.5 Hz to 5 Hz. The range of angles were
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selected based on ankle displacement angles during athletic maneuvers.!* The range of
frequencies were selected based on the maximum frequency that the motor was able to reliably
reproduce a sinusoidal pattern. The random signal duration was 11.8 s and two cycles were
recorded. The pseudo-random signal was collected for each axis of the MARG (X, y, and z) with
the test platform at 0° and 30°.

Video-based motion analysis and MARG data were resampled to 64 Hz to remove high
frequency content using an anti-aliasing finite impulse response filter. The signal measured with
the video-based motion analysis system was defined as the input, x(t), and the signal measured
with the MARG was defined as the output, y(t). The frequency response, H(w), was calculated
by taking the ratio of the cross-spectrum, Syx(w), to the input power-spectrum, Sxx(w), as shown

in equation 13.

H (o) = ::yx(w)

(13)

Magnitude (M) and phase (¢ ) responses were calculated, plotted, and used to assess the

MARG performance. Magnitude responses were reviewed to identify the corner frequency,
defined as the frequency where the magnitude began to roll-off at approximately -6 dB/octave.
The phase response performances were assessed by calculating the time shift (delay or advance).

Time shift, At, is illustrated in Figure 4 where input and output signals (equation 14) are plotted.

X(t) = cos(ayt) y(t) = Acos(a,t + ¢,) (14)
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Figure 4. Time shift between two cosine curves

The time shift between equivalent phase points on the output, y(t), relative to the input,

X(t), is related to the phase shift, ¢, as

T 2z =)

(16)

where @, is defined as the signal frequency. Combining equations 15 and 16, and solving

for At gives the time shift
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At = ¢ 27 _? (17)
2r W, ,

The time shift was compared to time to peak angles during the landing phase of drop
landing, drop jump, and stop jump maneuvers (Chapter 4) to determine if the phase shift could

be tolerated.
2.3.2 Results and Discussion

Time and frequency domains of video-based motion analysis and MARG data were similar for
all MARG axes (X, Yy, and z) and platform angles (0° and 30°). A representative time domain plot
of the x-axis at a platform angle of 0° is shown in Figure 5a and the frequency domain is shown
in Figure 5b. The frequency content of the pseudo-random signal (Figure 5b) illustrates the
signal content was primarily below 1 Hz to 2 Hz. The frequency response of the MARG was also
similar for all MARG axes and platform angles, and a representative plot of the x-axis at a
platform angle of 0° is shown in Figure 6. The magnitude response (Figure 6a) illustrates that the
video-based motion analysis system and MARG agreed up to approximately 10 Hz, where the
roll-off occurred (Figure 6a). At frequencies greater than 10 Hz, the signal will be attenuated and
not accurate. The phase response (Figure 6b) illustrates that the MARG has phase lead which
indicates the MARGs signal will lead the video-based motion analysis signal. The phase
response illustrates that the phase shift became greater at higher frequencies. The phase lead
identified in this study may be a result of the sensor fusion algorithm and may also occur if the

MARG is computing accelerations at higher frequencies not displayed in the frequency response
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plots (Figure 6). The frequency response computation was confirmed and is detailed in Appendix
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Figure 5. Pseudo-random signal in (a) time and (b) frequency domains. The vertical line in (a) illustrates the

location where the signal repeats.
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Figure 6. Frequency response, H(w), of the MARG. Video-based motion analysis data was defined as the input, x(t),
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Time shift was calculated using phase angles and frequencies from the phase response
(equation 17). The time shift resulted in a constant time advance of approximately 15 ms up to 8
Hz to 10 Hz, after which the time advance began to vary greatly (Figure 7a). The constant time
advance is also illustrated by the positive linear relationship between frequency and phase angle
in the Figure 7b. The phase response of the MARG was plotted with a linear x-axis instead of a
logarithmic x-axis and the linear relationship can be seen up to approximately 10 Hz. (Figure

7h).
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Figure 7. Time advance of phase response. (a) Time advance due to phase response of the MARG.

(b) Phase response of the MARG plotted with the linear x-axis.

Time to peak angle during the landing phase of the maneuvers is a variable of interest for
this study and was used to determine if the time shift was tolerable. Average time to peak angle
values for drop landing, drop jump, and stop jump maneuvers ranged from 140 ms to 230 ms and
standard deviations ranged from 40 ms to 90 ms (Table 19, Chapter 4). With the time advance
being less than 10% of the average time to peak angles and less than the standard deviations, a
15 ms time advance is not likely to affect the measurements. Therefore, the MARG is capable of

collecting data comparable to the video-based motion analysis system without significant signal

attenuation or phase shift up to 10 Hz.
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2.4 INSTRUMENTED EQUIPMENT

The design goal for the instrumented equipment was to integrate sensors into soccer cleats and
shin guards to wirelessly collect and record ankle joint kinematics. Additionally, the sensors

must not interfere with the athlete’s ability to perform the selected tasks.

2.4.1 Device

The x-IMU was selected for this study because it met the design specifications, performed well
during the sensor utility pilot study, and sensor characterization analysis detailed above. Two x-
IMU devices were purchased with a 1000 mAh battery and a plastic housing that enclosed the x-
IMU and battery. The assembly was 57 x 38 x 21 mm and 49 g (Figure 8). The MARG contained
a 3D accelerometer (£ 8 g), 3D gyroscope (£ 2000 °/s), 3D magnetometer (+ 8.1 Gauss), and
thermometer to account for temperature effects on the gyroscope.*® Sensor data can be collected
up to 512 Hz and recorded using an on-board SD memory card or streamed wirelessly using
Bluetooth. Memory and battery capacities of the MARGs allowed data to be measured and

recorded for up to 10 hours.
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Figure 8. x-IMU with plastic housing and 1000 mAh lithium polymer battery.

Images from http://www.x-i0.co.uk

Measuring joint kinematics requires a MARG to be attached to each segment that makes
up the joint. For the ankle, MARGs must be attached to the tibia and foot. The anterior-medial
aspect of the tibia provided a flat surface to secure the MARG to the tibia. However, the foot was
more difficult. Previous studies measuring the foot have secured devices to the dorsal aspect of
the foot and calcaneus.?® 32 34 35 4% These |ocations were not feasible for this study because the
MARG would interfere with soccer performance. Soccer athletes use the dorsal aspect of the foot
and heel to strike the ball. The plantar aspect of the foot was an attractive option because the
MARG could be integrated into the insole, similar to insole pedometers. An insole pedometer,
such as the NIKE+ device (NIKE, Inc., Beaverton, OR), is an electromechanical sensor that is
inserted into specially design shoes. The sensor counts steps taken by the user and estimates
distance, speed, and calories. Placing the MARG into the insole provides relative segmental
motion of the foot since it was not attached directly to the foot surface. However, the tight fit of
soccer shoes allowed the MARG to be in contact with the plantar surface of foot, providing foot

segmental motion.
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The foot is defined by three zones: forefoot; midfoot; and rearfoot. During athletic
maneuvers, the athletes commonly landing on the forefoot and rearfoot.>*%? To reduce the
potential for sensor damage, the MARG should be placed at the midfoot. Therefore, the plantar
aspect of the midfoot was selected to obtain segmental motion of the foot. This position did not

interfere with soccer performance and reduced the potential for sensor damage.

2.4.2 Soccer Cleats and Shin Guards

There are three basic types of soccer shoes: cleats; turf; and indoor (Figure 9). Cleats have 8-12
large studs that protrude 10-16 mm from the outsole of the shoe. Studs allow the shoe to dig into
soft natural grass and long synthetic surfaces to increase traction. Turf shoes have a uniform
tread that protrudes 2-5 mm from the outsole. Turf shoes are used on firm natural grass and all
types of synthetic surfaces. Indoor shoes are typically flat and the tread is created using a
recessed design similar to tennis and basketball shoes. Indoor shoes are used on short synthetic
and indoor surfaces. Turf shoes were selected for this study because their tread allowed sufficient

traction on the sport court flooring in the laboratory and long synthetic field surface.

(@) (b) (©
Figure 9. Type of soccer shoes. Adidas adiPower Predator TRX (a) cleats, (b) turf, and (c) indoor shoes. Images

from www.adidas.com
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Several turf shoe designs from different manufacturers are commercially available. To
determine the best shoe for this study, midsole thickness was measured. The shoe with the
thickest midsole allowed the most room for the MARG to be integrated. Midsole thickness of a
men’s Size 10.5 was measured using small anthropometer (Model 01291, Lafayette Instrument
Company, Lafayette, IN, USA). Midsole thickness ranged from 15-22 mm (Table 3) and the
Adidas Predator shoes were the thickest. Therefore, the Adidas Predator TRX turf shoes were

purchased in a range of sizes (9-12) to accommodate the majority of participants.

Table 3. Midsole thickness of soccer turf shoes

Midsole
Manufacturer Style Thickness (mm)
Nike Nike5 Bomba 16
Nike CTR360 Libretto 15
Puma King 17
adidas adiNova IV TRX 17
adidas Puntero VI TRX 19
adidas Predator TRX 22
adidas adi5 X-ite TRX 20

Plastic molded shin guards were selected for this study because they are popular among
soccer players (Figure 10). Several designs from different manufacturers were examined and all
consisted of a plastic shell backed with cushioning material to provide comfort. The Adidas
11Lesto shin guards were selected. These shin guards were composed of molded polypropylene
and backed with ethylene-vinyl acetate (EVA) for cushioning. The large size was purchased
because they are designed for a wide range of players (height: 5°4”-5’11""). Knee-high soccer

socks and elastic straps were used to secure the shin guards to the tibia.
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Figure 10. Adidas 11Lesto shin guards. Image from www.adidas.com

2.4.3 Design and Manufacturing

The turf shoes and shin guards were modified to integrate and secure the MARGs. Several
modifications were made to the shoes. A portion of the midsole was milled out for a custom
sensor housing, a portion of the rearfoot was milled out for a battery, a hole was cut through the
lateral side of the upper for a rigid triad, and a hole was cut through the bottom of the outsole to
allow for a synchronization cable to pass through. For the shin guards, a portion of the molded

plastic and EVA cushioning was cut out for a custom sensor housing.

2.4.3.1 Turf Shoes and Custom Housing

A manual vertical milling machine was used to mill out a portion of the midsole to allow the
sensor to be recessed (Figure 11). The midsole consisted of a rigid, fibrous layer, a rubber
honeycomb layer, and the high density rubber outsole layer. The plastic housing that was
purchased from the MARG manufacturer stacked the sensor and battery together. The height of

the assembly was 21 mm and the height on the sensor alone was 10 mm. To reduce thickness of
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the MARG, a custom housing was designed (Figure 12). The custom housing was designed to
enclose only the x-IMU with the battery placed outside of the housing. A 400 mAh lithium
polymer (LiPo) battery was used because it was smaller in size (35 x 25 x 5 mm) as compared to
the 1000 mAh LiPo battery (51 x 34 x 6 mm). The reduced capacity restricted data collection to
4 hours which was acceptable for this study. A separate portion of the insole posterior to the
MARG pocket was milled out for the battery (Figure 13a). The housing redesign reduced the
thickness from 21 to 13 mm.

The housing redesign also allowed a rigid triad to attach directly to the housing (i.e.
sensor). The rigid triad allowed for the video-based motion capture system to track the position
of the MARG within the housing. A branch of the housing protruded through the lateral side of
the upper and the rigid triad was attached (Figure 13). A rectangular socket design was used to
eliminate rotation of the triad and reduce excessive bouncing during athletic maneuvers. The
custom housing was designed in Solidworks (Dassault Systemes SolidWorks Corp., Waltham,
MA, USA) and fabricated using a fused deposition modeling (FDM) machine. The FDM
machine is a rapid prototyping, or 3D printing, technology that layers molten engineering-grade

thermoplastics to create plastic parts. The turf shoe and MARG assembly is shown in Figure 13b.

31



@ (b)

Figure 12. Custom housing for placement of MARG into the turf shoe: (a) computer-aided design; (b) custom

housing with x-IMU installed
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(b)

Figure 13. Instrumented soccer turf shoes (a) without and (b) with the MARG
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2.4.3.2 Shin Guards

A portion of the molded plastic and EVA cushioning was cut out for the sensor housing (Figure
14). The hole allowed the MARG to be positioned on the flat aspect of the tibia and the shin
guard fit over around the housing. A rigid triad could be placed directly on the housing to allow
the video-based motion analysis system to track its position. Similar to the turf shoes, the
original sensor housing was too thick. A custom housing was designed with the same dimensions
of the original sensor except the thickness. Thickness was reduced from 21 to 13 mm (Figure
15). The battery was placed adjacent to the MARG in between the molded plastic and EVA
cushioning. Knee-high soccer socks and elastic straps secured the shin guards to the tibia. The

shin guard housing was also designed in Solidworks and fabricated using the FDM machine.

@ (b)

Figure 14. Instrumented shin guards (a) without and (b) with the MARG
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Figure 15. Custom housing for shin guards: (a) computer-aided design; (b) custom housing with x-IMU installed

2.4.4 Synchronization

Data from the MARGs and the video-based motion analysis system must be synchronized to
allow for comparisons. One of the design specifications for the devices was synchronization
capabilities. The x-IMU device had an auxiliary port that could be setup to read analog signals
(analog in). The video-based motion analysis system had a remote start feature to collect data
using a trigger. Specifically, the system looks for the trailing edge of a square wave. An
independent trigger was designed using an Arduino Uno microcontroller (Arduino, Ivrea, Italy).
An Arduino Uno is a programmable microcontroller with multiple analog/digital inputs and
outputs. The Arduino Uno microcontroller was selected because it can accurately create square
waves and is small in size (75 x 53 mm). For field testing the compact size allowed the trigger to

be a hand-held device.
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The microcontroller was programmed using the Arduino integrated development
environment (IDE) application (Arduino, Italy). The program produced two 1 Hz square waves
of sufficient amplitude (~3 V) to trigger the video-based motion analysis system. The trigger was
wired with all devices in parallel to allow all to measure the same signal. The devices included
the remote start (video-based motion analysis system), one analog in for the video-based motion
analysis system, two MARGsS, and a light emitting diode (LED). When the trigger was activated
the MARGs would recorded both waves (Figure 16) and the video-based motion analysis would
begin recording on the trailing edge of the first square wave. The purpose for two square waves
was to have a waveform measured with the motion analysis system and each MARG. The LED

provided a visual signal for the investigator to know when the trigger was activated.

Tihial MARG

0 1 by
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Foot MARG

] 1 —
] 500 100D 1500 2000 2500 3000 3500 4000 4500 5000
Frame Mumber

Figure 16. Synchronization pulse from trigger as measured by the MARGSs. The green circle identifies the

first pulse and the red circle identifies the trailing edge of the wave.
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Figure 17 shows the instrumented equipment connected with the trigger. The trigger was
connected to synchronization cables coming off each MARG and connected with RCA

connections.

Figure 17. Instrumented equipment with synchronization trigger

25 METAL MAPPING OF THE INDOOR TRAINING FACILITY AND

LABORATORY

The indoor training facility and laboratory were assessed to identify locations of high ferrous
content prior to collecting data. The MARGs assume a homogenous earth magnetic field and
distortion due to ferrous material will result in erroneous measurements. Distortion of the earth
magnetic field can occur due to ferrous building material and other laboratory equipment. De
Vries et al. moved MTx sensors, which are similar to the MARGs selected for this study, at

various heights throughout the capture volume of their motion analysis system. They found
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standard deviations in the heading of the earth magnetic field were 29° at a height of 5 cm above
the floor level >

The metal mapping protocol developed for this study was based on the work of de Vries
et al.>® and manufacturer’s guidelines from the electromagnetic tracking system.>* A MARG was
systematically moved throughout a portion of the indoor training facility and the capture volume
of the video-based motion analysis system at the laboratory. Measurements were used to identify
locations of minimal earth magnetic field distortion that would allow optimal MARG

measurements.

2.5.1 Indoor Practice Facility

The indoor practice facility of the UPMC Sports Performance Complex is a 125,000 square-foot
building with a 70 foot ceiling. The facility contains a regulation size FieldTurf (Tarkett, Inc.,
Calhoun, Georgia, USA) American football field, surrounding track, and other athletic amenities.
The indoor training facility provided a climate controlled environment that allowed for consistent
ambient conditions and turf surface. The facility is used by collegiate and professional football
teams therefore there are two sets of hash marks. The outer set of hash marks are collegiate (40
feet apart) and the inner set of hash marks are professional (18 feet, 6 inches apart).

The MARG was attached to a wood plank (6” x 48 x 1”) to allow it to be slid across the
field. Planar magnetometer measures (x- and y-axes) were measured as 128 Hz with the MARG.
A digital camcorder (Sony, Japan) recorded movement of the sensor because it was not feasible
to transport the motion analysis system to the indoor training facility. Magnetometer and video
data were synchronized using a 1 Hz square-wave generated by the microcontroller. The
synchronization pulse was measured using the analog input capability of the MARG (128 Hz).
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An LED was simultaneously illuninated with the synchronization pulse and recorded with a
digital camcorder. Magnetometer and video data were analyzed using Dartfish Software 6
TeamPro Data (Dartfish, Fribourg, Switzerland). Dartfish was founded in 1998 and is an image
and video processing software package. It has many capabilites that range from biomecahnical
research to televised broadcast footage.

Video data was compressed from AVCHD (Advanced Video Coding High Definition)
1080i format to high quality (3000 kbps, 640 x 480 pixels) Windows Media Video file type to
reduce computation load. Compressed video data was imported into Dartfish and magnetometer
data was linked to the video file. The synchronization pulse was aligned with the first frame of
LED illumination (Figure 18). The synchornization time point was verified by ensuring the LED
turned off as the pulse went to zero. Additionally, a second synchronization pulse was recorded

to verify correct synchronization.
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Figure 18: Synchronization of magnetometer and digital video data. The top pane of the image is the digital video

data showing the wood plank and illuminated LED. The bottom pane is analog data collected with the MARG.

The MARG was slid across the field in between the outer hash marks (40 feet apart) from
the goalline to the 20 yard line as shown by the red box in Figure 19. Two trials of multiple
passes were performed to cover the entire area. The sensor was slid down the field (goalline to
20 yard line) for the first trial and sideways (hash-to-hash) for the second trial. Raw
magnetometer and heading measurements were reviewed to determine acceptable locations.

Heading measurements were calculated as

Heading = tanl(%j (17)
where Y and X are planar measurements
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Data were reviewed in Dartfish and the near-side professional hash mark on the five yard
line was selected (Figure 19). This location was selected because there was minimal ferrous
distortion and it was permenantly marked on the field. This location was identified as a good
location in both trials. To further analyze this location, magnetometer and video data were
aligned in the Dartfish software. Figure 19 shows the two trials with the video data transposed in

the top pane and the magnetometer data in the bottom pane.
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Figure 19: Metal mapping of the indoor training facility. The red box illustrates the area that measure assessed.
Video from both trials are transposed in the top pane and magnetometer data from both trials are shown in the

bottom pane. The selected location of minimal ferrous distortion was the hash mark of the five yard line as shown by

the white circle.
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2.5.2 Neuromuscular Research Laboratory

The laboratory floor was metal mapped to determine a location to obtain optimal magnetometer
measurements. The capture volume of the video-based motion capture system can be seen in
Figure 20 by the black flooring. The black flooring is composed of 24” x 24” tiles and the
MARG was pulled along the edge of the tiles. The MARG position was simultaneously
measured with a retro-reflective marker in the video-based motion analysis system and using the
digital camcorder. Data were synchronized and processed as described previously for the indoor
training facility.

Dartfish software was used to determine the location of minimal ferrous distortion.
Position data collected with the video-based motion analysis system was used with the
magnetometer data to map the ferrous distortion location. A temperature scale was used to
illustrate high (red) and low (dark blue) values with respect to the mean value across the trial.
This data was manually transposed onto an image of the Dartfish data to provide a spatial
location of the measurements (Figure 20). The selected location of minimal ferrous distortion is

shown by the white circle in Figure 20.
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Figure 20. Metal mapping of the laboratory. Video from both trials are transposed in the top pane and
magnetometer data from both trials are shown in the bottom pane. The selected location of minimal ferrous

distortion is shown by the white circle.

Metal mapping of the indoor training facility and laboratory identified locations of
minimal ferrous distortion to collect data. At the indoor training facility, the nearest professional
hash mark at the five yard line was selected. At the laboratory, the location was marked on the

floor.
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26 SUMMARY

Commercially available inertial based sensors were reviewed. The x-IMU device was selected
based on its ability to operate independently and small size. The x-IMU communicates wirelessly
and records data on-board at a sampling frequency up to 512 Hz. The x-IMU was the smallest
device and was further reduced by designing a custom housing. The final dimensions were 57 x
38 x 13 mm. The smaller size allowed the device to be easily integrated into the soccer turf shoes
and shin guards.

A pilot study was conducted to determine the utility of the sensor to measure tibial
kinematics. Tibial kinematic data were simultaneously collected with motion analysis and
MARG systems during a drop landing task. Tibial kinematics were highly correlated (r > 0.86)
with little error (RMSE < 0.26°). Results provided evidence that the MARG is capable of
measuring segmental kinematics during dynamic maneuvers.

The magnetometer sensor of the MARG is sensitive to ferrous materials. To prevent
erroneous measurements, the laboratory and indoor training facility were analyzed. Location of
minimal ferrous distortion were identified. In the laboratory, the location was within the capture
volume of the video-based motion analysis system and was marked on the floor. In the indoor
training facility, the nearest professional hash mark at the five yard line resulted in minimal

ferrous distortion and was selected.
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3.0 RELIABILITY AND VALIDITY OF INSTRUMENTED EQUIPMENT

The purpose of this study was to establish the reliability and validity of a kinematic assessment
using instrumented equipment during athletic maneuvers. It was hypothesized the instrumented
equipment would have good test-retest reliability (ICC > 0.80) and standard error of
measurement < 5° for plantar flexion/dorsiflexion and < 3° for inversion/eversion. Ankle joint
kinematics collected by the instrumented equipment were hypothesized to be valid with excellent
correlation coefficients (r > 0.95) and root mean squared errors < 5° for plantar
flexion/dorsiflexion and < 3° for inversion/eversion as compared to a video-based motion

analysis system.

3.1 INTRODUCTION

Prior to incorporating new devices into research, reliability and validity of the assessment must
be established to ensure accurate measurements can be obtained. The laboratory gold standard
for collecting human kinematics is a video-based optoelectronic motion analysis system.3’
Multiple cameras track retro-reflective markers attached to anatomical landmarks. Three-
dimensional marker trajectories are used with anthropometric measurements and biomechanical
models to calculate three-dimensional kinematics. These systems are typically limited to indoor

laboratory environments and are prone to data loss due to line-of-sight difficulties.>® Inertial
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based motion analysis system are gaining popularity because the systems are portable and not
limited to small capture volumes. Sensor modules are used with algorithms to measure segmental
kinematics, and the segmental kinematics are used to calculate two- and three-dimensional joint
kinematics. Previous studies have established reliability?® *° and concurrent criterion validity3!3¢

of measuring ankle joint kinematics using inertial based motion analysis systems.

3.1.1 Reliability

Reliability of ankle joint kinematics using inertial sensors has been assessed in two studies that
performed gait, a slower maneuver than the maneuvers in the proposed study, and used different
statistical analyses to calculate reliability.?® *° Cloete and Scheffer?® assessed the reliability of an
off-the-shelf inertial motion capture system (Xsens, Enschede, The Netherlands) to measure
ankle, knee, and hip kinematics during gait. Data were collected on young, healthy males (n =
30) on three different days, at least one week apart. Joint angles from three strides of each day
were used for analysis. The coefficient of multiple determination and coefficient of multiple
correlations were used to assess reliability of joint kinematics. All joints were highly reliable and
in some cases performed better than values in the literature. Mariani et al.*® used data from an
inertial sensor attached to the calcaneus to estimate gait parameters of young (n = 10) and elderly
(n = 10) persons during U-turn and 8-turn gait paths. Data were collected during one test session.
Participants performed all maneuvers, instrumentation was removed, and then reattached to
collect the retest data set. The gait parameters selected were stride length, foot clearance, stride
velocity, and turning angle. Test-retest reliability was assessed using intraclass correlation
coefficients (ICC) and were reliable with ICC(1,1) = 0.91-0.96. The authors did not calculate
separate reliability statistics for the young and elderly population, but pooled the data from both
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groups. Reliability statistics for each population are preferred especially if significant differences
between groups are expected.

A limitation of the previous studies was the statistical analyses employed to calculate
reliability. Cloete and Scheffer?® used coefficients of multiple determination and coefficients of
multiple correlation to calculate reliability. Coefficient of multiple determination is a statistical
measure used to evaluate the similarity between two waveforms®® %" and coefficient of multiple
correlation is the positive square root of the coefficient of multiple determination.>® Both
measures range from 0.0 to 1.0, with 1.0 signifying complete agreement between waveforms.
While both measures are commonly reported, they are limited in establishing reliability because
correlations do not provide information about the difference between the two waveforms.
Mariani et al.®® used ICC(1,1) to calculate reliability instead of the recommended 1CC(2,1).5®
The ICC is a reliability coefficient that ranges from 0.0 to 1.0, with 1.0 being the best. Six types
of ICC are described by Shrout and Fleiss®® and include three models (1, 2, 3) and two forms (1,
k). Model 1 assesses each subject by a different set of k raters and raters are randomly selected
from a larger population of raters. Model 2 assesses each subject by the same raters, and raters
are randomly selected. The selected raters are expected to be representative of their population
and allow the results to be generalized to the population. Model 3 assesses each subject by the
same raters of interest and the results cannot be generalized to the population. The two forms are
single measurement (1) and the mean of multiple measurements (k). The type of ICC used for
analysis is designated by combining the model number (1, 2, 3) and form (1, k) in parentheses.
The ICC(2,1) is recommended to demonstrate the reliability of a measurement tool*® and was

used in this study.
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3.1.2 Validity

Validity of ankle joint kinematics using inertial sensors has been assessed with differing results
in six studies that employed maneuvers slower than the proposed study and used different
statistical analyses (Table 4).31% O’Donovan et al.>* measured ankle joint kinematics during
lower leg exercises and gait (n = 2). The lower leg exercises consisted of 12 open- and closed-
chain ankle movements while seated. Root mean squared error (RMSE) between the inertial
motion analysis system and a 3D video-based motion analysis system were calculated and
averaged over all exercises and gait trials. Sagittal plane kinematics resulted in the smallest error
(0.49°) followed by frontal and transverse planes (Table 4). Picerno et al.* assessed gait (n = 1)
and found excellent validity using correlation coefficients (r > 0.94) and good sensor accuracy
using RMSE (1.2° to 1.8°). Ferrari et al.*® also assessed gait (n = 4) using coefficients of multiple
correlations and found good validity in sagittal and frontal planes (CMC = 0.98), and moderately
validity in the transverse plane (CMC = 0.68). Conversely, Cloete and Scheffer®? assessed gait (n
= 8) and found poor validity using correlation coefficients for all three planes of motion (r = 0.08
to 0.17) and poor sensor accuracy (RMSE = 9.1° to 11.6°). Bergmann et al.* assessed sagittal
plane kinematics during stair ascent/descent (n = 14) and found good validity using correlation
coefficients (r = 0.93) and moderate sensor accuracy (RMSE = 4.0°). Young et al.*® also assessed
sagittal plane kinematics during stair ascent and found good sensor accuracy using mean error
(0.51°).

The results of these studies are limiting because multiple statistical methods were used to
quantify valid and accurate measurements from the inertia based system. Validity measures
included correlation coefficients® and coefficients of multiple correlations,® and resulted in

values that ranged 0.08 to 0.98.31-3 Correlation coefficients and CMC measure the level of the
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linear relationship (or shape) between the two time histories and ranges between -1 to +1. The
disadvantages of this measure include its sensitivity to phase differences and inability to
distinguish between magnitudes. Sensor accuracy was assessed using root mean squared error,3
mean absolute error, 3¢ and standard deviations.®® Sensor accuracy ranged 0.26 to 18.8° across
all planes of motion. Root mean squared error takes the square root of the sum of the square
difference between time histories. The advantages of RMSE includes that it removes any
cancelling effect of positive and negative differences and provides a value with the same unit of
measure (ex. degrees). Mean absolute error is calculated by taking the average unsigned error.
Absolute error is advantageous because errors with the same magnitude and opposite signs do
not cancel each other out. However, the direction of the error is lost with this measurement.
Correlation coefficients and RMSE were selected to assess concurrent criterion validity for this
study because together they provide a comprehensive analysis of the agreement. Additionally,
the Sprague and Geers metric®® was selected because it calculates magnitude and phase error for
time histories. The magnitude and phase error are then combined to provide an overall error
measure.

Inertial based systems have been used to measure reliable and valid ankle joint
kinematics, but not during athletic maneuvers. Therefore, the purpose of this study was to
establish the reliability and validity of a kinematic assessment using instrumented equipment
during athletic maneuvers. The athletic maneuvers were common sports medicine research
maneuvers and soccer specific maneuvers. Good test-retest reliability (ICC > 0.80) and standard
error of measurement between < 5° for plantar flexion/dorsiflexion and < 3° for
inversion/eversion were hypothesized for laboratory and field data. Ankle joint kinematics

collected by the instrumented equipment were hypothesized to be valid with excellent correlation
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coefficients (r > 0.95) and root mean squared errors < 5° for plantar flexion/dorsiflexion and < 3°

for inversion/eversion as compared to a video-based motion analysis system.
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Table 4. Sensor accuracy and validity

Sensor Accuracy Validity
Sensor Gold Trans- Trans-
Study Participants Joint(s)  Sensor Type Size Maneuver Standard Method Joint Sagittal Frontal verse Method Joint  Sagittal Frontal verse
O'Donovan n=2(male) Ankle Accel: 60 x Lowerleg  Optoelectric  RMSE Ankle 0.49 ~1.65 3.33
etal, 2007 Age: 23,25 ADXL210E (+ 40x exericise system
10 g) 24 and gait (Evart 3D)
Gyro: mm
ADXRS150 (+
300 °s?)
Mag:
HMC2003 (t
2 Gauss)
Picerno et n=1 Ankle, MTx (Xsens, 30g, Gait Optoelectric  MAE Ankle 4.5 3.6 4.5 Correlation  Ankle 0.942 - 1.000
al., 2008 Knee, Enshede, 38x system Knee 2.4 4.8 9.4 Knee
Hip The 53 x (Vicon, Hip 3.0 5.5 21.7 Hip
Netherlands) 21 Centennial,
mm CO, USA) RMSE Ankle 1.2 1.5 1.8
Knee 1.9 2.8 3.6
Hip 0.8 2.2 3.5
Cloeteand n=38 Ankle, MTx (Xsens, 30g, Gait Optoelectric  RMSE Ankle 11.6 9.1 18.8 Correlation Ankle 0.08 0.17 0.16
Scheffer, Knee, Enshede, 38 x system Knee 7.6 10.2 6.4 Knee 0.92 0.26 0.25
2008 Hip The 53 x (Vicon, Hip 5.7 7.9 6.5 Hip 0.94 0.53 0.72
Netherlands) 21 Centennial,
mm CO, USA)
Bergmann n=14 Ankle, MTx (Xsens, 30g, Stair Optical RMSE Ankle 4 N/A N/A Correlation Ankle 0.93 N/A N/A
etal.,2009 (M=9,F= Knee, Enshede, 38 x Ascent Motion Knee 4 Knee 0.98
5) Hip The 53 x Tracker Hip 5 Hip 0.96
Age: 27 Netherlands) 21 (CODA,
Height: 175 mm Charmwood,
+8cm UK)
Mass: 69 +
10 kg
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Table 4 Continued

Sensor Accuracy Validity
Sensor Gold Trans- Trans-
Study Participants Joint(s)  Sensor Type Size Maneuver Standard Method Joint Sagittal Frontal verse Method Joint  Sagittal Frontal verse
Ferrari n=4 Ankle, MTx (Xsens, 30g, Gait Optoelectric Coefficient Ankle 0.98 0.98 0.68
etal., Age: 28.5+1.8 Knee, Enshede, 38 x system of Multiple Knee 1.00 0.88 0.80
2010 BMI: 22.8+2.0 Hip The 53 x (Vicon, Correlations  Hip 0.99 1.00 0.95
Netherlands) 21 Centennial, (cmcQ)
mm CO, USA)
Young n=3{(male) Ankle,  MicroStrain 29g, Gait Optoelectric  Mean Ankle 0.26
etal., Age: mean = Knee 3DM-GX2 41 x system error Knee 0.15
2010 30, range = 26- Accel: £10g 63 x (Vicon,
35 Gyro: £ 600 32 Centennial, Ankle 2.6
Height: 183 + 1 °st mm CO, USA) SD Knee 4.8
cm
Mass: 72.5+5
kg
Stair Mean Ankle 0.51
Ascent error Knee 0.12
Ankle 5.7
SD Knee 5.2
Stair Mean Ankle  -0.56
Descent error Knee -0.15
Ankle 4.1
SD Knee 4.9
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3.2 METHODS

3.2.1 Participants

Power calculations were performed using G*Power 3% to determine the necessary sample size.
The power calculation was based on a correlation test used to assess concurrent criterion validity.
A total of 12 participants were required using a power of 0.90, alpha of 0.05, a null hypothesis of
po = 0.65, and an alternative hypothesis of p1 = 0.95. To account for participant attrition and
potential loss of data, 17 participants were recruited.

Seventeen healthy male soccer players were recruited and enrolled in the study. Inclusion
criteria for participants were no history of injury or joint instability of the ankle. Additionally, all
participants engaged in organized, competitive soccer matches a minimum of once a week and
participated in physical activity for a minimum of 30 minutes, 3 times per week. Participants
were excluded if they had a recent (3 months) lower extremity musculoskeletal injury that could
affect their performance of the maneuvers, history of an allergy to adhesive tape, major
ligamentous injury or surgery of the knee or ankle, concussion or mild head injury within the

previous year, or any neurological, balance, metabolic, cardiovascular, or pulmonary disorder.

3.2.2 Subject Recruitment

Subjects were recruited using flyers posted throughout the universities of the greater Pittsburgh

region. Subjects that telephoned in response to the recruitment flyers were screened for
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inclusion-exclusion criteria. Those eligible for the study were enrolled into the study and
scheduled for testing. Written informed consent approved by the University of Pittsburgh

Institutional Review Board was obtained prior to participation.

3.2.3 Instrumentation

Soccer turf shoes and shin guards were instrumented with magnetic angular rate and gravity
sensors (MARG). The MARGs contained a 3D linear accelerometer (8 g), 3D angular rate
sensor (gyroscope) (#2000 °s?), and 3D magnetometer (8.1 G) to measure ankle joint
kinematics at 256 Hz (x-IMU, x-io Technologies Limited, United Kingdom). Ankle joint
kinematic data were also collected using a 3D motion analysis system with eight high-speed
cameras at 256 Hz (Vicon Motion Systems, Centennial, CO, USA). Data were synchronized
using an Arduino Uno programmable microcontroller (Arduino, Italy). Maximum vertical jump

height was measured using a Vertec Vertical Jump tester (Sports Imports, Columbus, OH, USA).

3.2.4 Procedures

Participants reported to the laboratory for two sessions, one week apart to minimize fatigue or
memory bias effects.>® Participants wore spandex shorts and shirt for laboratory testing and put
athletic shorts and shirt over the spandex for field testing. Height, mass, and anthropometric
measurements of leg length (anterior superior iliac spine to medial malleolus), knee width
(medial to lateral femoral epicondyle), and ankle width (medial to lateral malleolus) were
recorded. Participants wore instrumented soccer turf shoes and shin guards for all laboratory and

field testing. Equipment on the dominant limb were instrumented and equipment on the other
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limb were not. Limb dominance was determined by asking the participant which leg they would
use to kick a ball maximally. Retro-reflective markers were adhered bilaterally to the anterior
superior iliac spine, posterior superior iliac spine, lateral femoral epicondyle, lateral aspect of the
thigh, lateral malleolus, and second metatarsal head (Figure 21). Additional markers were placed
on the medial femoral epicondyle and medial malleolus of the test leg. These markers are shown
on the right leg of the participant in Figure 21. Rigid triads of markers were attached to each
MARG. For the tibial MARG, the triad was secured to the MARG using double-sided tape and
underwrap. For the foot MARG, the triad was attached directly to the MARG housing.
Anthropometrics measurements, instrumented equipment placement, and marker placement were

performed by the same investigator on all participants.

Figure 21. Modified Plug-in-Gait Marker Set. Additional to the lower extremity Plug-in Gait marker set were

medial epicondyle, medial malleolus, tibial sensor triad, foot sensor triad of the dominant leg.

Participants performed a 5 minute warm-up on a stationary bicycle at a self-selected pace.

After the warm-up, maximum vertical jump height was assessed. Standing reach height was
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measured with participants reaching the highest point with their feet flat on the ground. Three
maximal two-footed jumps were performed and the highest point reached was measured.
Maximum vertical jump height was calculated as the difference between the maximum height
reached and the standing reach height. Maximum vertical jump height was used to determine the
soccer ball height during the jump and moving header maneuvers in the field. Soccer ball height
was 50% of the participant’s maximum vertical jump height.5?

Participants performed four athletic maneuvers in the laboratory: drop landing; drop
jump; stop-jump; and jump-stop cut maneuver (Figure 22). The drop landing maneuver (Figure
22a) was a landing from a 40 cm platform. Participants dropped with both feet and landed on the
ground with both feet. The drop jump maneuver (Figure 22b) was the same as the drop landing
maneuver, except participants performed a maximal vertical jump immediately after landing.
The stop-jump maneuver (Figure 22c) was a 2-footed jump from 40% of the participant’s height
to a marked landing location. Immediately after landing with both feet, participants performed a
2-footed vertical jump for maximum height. The jump-stop cut maneuver (Figure 22d) was a 2-
footed jump from 40% of the participant’s height to a marked landing location, followed by a
45° cutting maneuver with the dominant leg and run in the cut direction. Participants ran past a
cone placed 2.5 m from the marked landing location. All maneuvers were described and
demonstrated prior to data collection. Participants were provided verbal and visual instruction of
how to perform each maneuver. Participants performed practice trials to become comfortable
with the protocol. After participants and the investigators were comfortable with the maneuver,
three trials were collected. Participants rested for 60 seconds in between maneuvers and trials to

prevent fatigue.
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Participants performed three soccer specific maneuvers in the field: jump header; moving
header; and slalom course (Figure 23). For the jump header maneuver, participants were
instructed to maintain a stiff neck by keeping their neck muscles tight and to bend at the waist
when striking the ball. Prior to striking the ball, participants extend the torso backward and then
flexed the torso forward to strike the ball. No instructions were provided on landing technique.

For the jump header maneuver®® (Figure 23a), participants performed a vertical jump,
struck the ball with their forehead, and landed with both feet. The landing phase of this maneuver
was used for analysis. For the moving header maneuver® (Figure 23b), participants took a three
step approach, jumped vertically, struck the ball with their forehead, and landed with both feet.
The landing phase of this maneuver was used for analysis. The slalom course®* (Figure 23c)
began at the goal line and participants followed the illustrated path (Figure 24) as fast as

possible. The cutting phase of the dominate foot was used for analysis.
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Figure 22. Laboratory maneuvers. (a) Drop landing (b) Drop jump (c) Stop jump (d) Jump-stop cut
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Figure 23. Field maneuvers. (a) Jump Header; (b) Moving Header; and (c) Slalom
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Figure 24. Slalom course schematic from Eils et al., 2004.5 Red rectangle highlights the portion of the slalom

course used in this study.

3.2.5 Data Reduction

3.2.5.1 Synchronization

Data from the MARGs and the video-based motion analysis system were synchronized using the
programmable microcontroller that produced a synchronization pulse, two square waves at 1 Hz.
The synchronization pulse was recorded with the auxiliary port (analog-in) of the MARGs and
used to remotely start recording of the video-based motion analysis system. Data were
synchronized after data collection by aligning the pulses of the two MARGs and the video-based

motion analysis system.

3.2.5.2 Ankle Joint Kinematics using Video-Based System

Ankle joint kinematics were calculated using two biomechanical models: Plug-in Gait (PIG) and
modified Plug-in Gait (mPIG). The conventional gait model (PIG) was selected because it is
commonly used in human motion analysis research. The PIG model contained seven rigid

segments: pelvis; two femurs; two tibia; and two feet.®> Each segment was defined by an

60



anatomical coordinate system (ACS). Anatomical coordinate systems consisted of an origin and
three orthogonal axes. For all segments except for the feet, the z-axes were pointed superior, y-
axes to the left of the participant, and x-axes anterior. The foot segments were defined with the z-
axes pointed anterior along the length of the foot, y-axes to the left, and x-axes pointed inferior.
Ankle joint angles were calculated using Euler angle decomposition* with a YX’Z** rotation
sequence. Joint angles were offset using mean joint angles from the static trial.

The mPIG model contained the same seven segments and used additional markers to
define knee and ankle joint centers and to track MARG orientations. The PIG model defined
knee and ankle joint centers using chord functions.®® The mPIG used additional markers placed
on the medial femoral epicondyle and medial malleolus. The knee joint center was calculated as
the midpoint between the medial and lateral femoral epicondyle markers; and the ankle joint
center was calculated as the midpoint between the medial and lateral malleolus markers. The
ACSs were defined the same as the PIG model using the modified calculation of joint centers.
Triads of markers were attached to the MARGs and were used to track segmental motion of the
tibia and foot segments.

Ankle joint kinematics were calculated using the method described by Winter.*

Measurement coordinate systems (MCS) were defined for the tibia and foot as described in
Chapter 2.2, equations 1-5. The MCSs were 3 x 3 orientation matrices, °R,, , and were calculated

for tibia and foot segments. The superscript G refers to the global coordinate system (GCS) and

the subscript M refers to the MCS. Anatomical coordinate systems were defined as 3 x 3
orientation matrices, °R,, for each segment where the subscript A refers to the ACS.

Transformation matrices were calculated for each segment (equations 18-19) to define the
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relationship between MCS and ACS. These matrices were calculated during the static trial

because the relationship was constant.

A:tibRM :tib:GRr\_/ll:tib GRA:tib >

A: foot _Gp-1 G
RM:foot_ RM:foot RA:foot (19)

For each frame of the dynamic trial, the relationship between each segment’s ACS and
GCS,°R,, were calculated to using the respective MCS and transformation matrix (equations

20-21).

¢ RA:tib =° I:QM tib " f00tRl\_/l:lztib (20)

G G A: footy-1
I:\)A: foot— RM :foot tRM :foot (2 l)

The relationship of each segment in the GCS allowed ankle joint kinematics to be

calculated. The relationship of the foot with respect to the tibia, *'R,,, was calculated using

equation 22. Euler angle decomposition* was used to calculate ankle joint kinematics from
'R, using a rotation sequence of YX’Z’’ (equations 23-26). Mean ankle joint angles from the

static trial were used to zero joint angles.

fOOtRtib =¢ R;clfoot GR;c:tLib (22)
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R =YXZ (23)

cosy 0 siny||1 O 0 cosa —sina O
R=| O 1 0 |-|0 cospp —sing|-|sina cosa O (24)
—siny 0 cosy| |0 sing cosp 0 0 1
cos gAsiny
R=|cosfgsina cosacosf  —sing (25)
Ccos [ cos ¥

¢] [atan2(R,,,R,,)
0 |=| -asin(R,,) (26)
w | | atan2(R 4, Ry,)

where atan2 is the four quadrant inverse tangent with imaginary parts ignored, asin is the

inverse sine, and ¢, 8,y are the ankle joint angles

Ankle joint kinematic data from PIG and mPIG models were used to identify discrete
angles. Angles at initial contact, peak angles after initial contact, time-to-peak angles after initial
contact, and overall angular displacements were identified in sagittal, frontal, and transverse

planes using a custom Matlab (The MathWorks Inc., Natick, MA) script.
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3.2.5.3 Ankle Joint Kinematics using Instrumented Equipment

Ankle joint kinematics were estimated using the orientation of both MARGs with a
biomechanical model.>® “® Orientation of the MARG was calculated using sensor fusion. Sensor
fusion is a technique that combines multiple sensor signals to overcome limitations of individual
sensors and is able to reduce errors in angle data.%® Sensor drift (error) due to signal integration
and magnetic interference leads to inaccurate orientation estimation. The gradient descent
algorithm®” was selected for this study because it was developed specifically with the x-IMU
device and performed better than a Kalman-based algorithm. The gradient descent algorithm
resulted in 0.6° - 1.1° dynamic RMS error as compared to 0.8° — 1.3° dynamic RMS error of the
Kalman-based algorithm.®’

After the instrumented equipment was attached to the participant, a static calibration pose
(T-pose) was used to determine initial sensor-to-sensor orientation and was followed by dynamic
calibration motions. Dynamic calibration motions were used to establish orientation matrices to
transform from the MARGS coordinate system to the segment’s anatomical coordinate systems.3*
Three dynamic calibration motions were performed: whole body rotation; heel lifts; and squat.

The first calibration motion was rotation of the whole body about the longitudinal axis.
Participants placed the test leg on the center of a turn table and placed their contralateral leg
adjacent to the test leg. Participants used their arms to rotate to the left and then back to the
starting position (1 rotation). A mechanical stop was placed to allow approximately 120° of
rotation. After a practice trial, participants performed three rotations. This dynamic calibration
motion was used to define the vertical anatomical axis for the tibia and foot MARGS. The second
dynamic calibration motion was heel lifts to obtain the joint axis of rotation for the foot.

Participants stood with the feet approximately shoulder width apart and lifted their heels up,
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paused, and lowered back down flat footed. This was repeated two times for a total of three heel
lifts. The third dynamic calibration motion was a squat to obtain the joint axis of rotation for the
tibia. Participants stood in the same position and performed three squats, lowering their thighs
parallel with the ground, pausing, and then returning to the original position. Three squats were
performed.

The MARG orientation during each dynamic calibration motion was used to define the
anatomical coordinate system for each segment. MARG orientation was obtained in quaternion
representation from the gradient descent algorithm and then decomposed into the angle of
rotation and unit vector. The angle of rotation and unit vector components were plotted and the
corresponding anatomical vector was selected graphically (Figure 25). Figure 25a illustrates the
whole body rotation dynamic calibration motion for the foot MARG. The top plot is of the angle
of rotation and is approximately 120 degrees (2.1 radians). The lower plot is of the unit vector
components that define the axis of rotation. Three rotations were performed and the unit vector
components illustrate that the majority of axis of rotation was primarily about the z-axis (near
1.0) and little rotation about the x- and y-axes (near 0.0). Figure 25b illustrates the heel lift
dynamic calibration motion for the foot MARG. Three heel lifts were performed with the
majority of the rotation occurring about the y-axis and small contributions about the x- and z-

axes.
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Figure 25. Representative angle of rotation and unit vector components for (a) whole body rotation and (b) heel lift

dynamic calibration motions of the foot MARG

The vertical axis of rotation from the whole body rotation dynamic calibration motion
was defined as V,, and the joint axis of rotation from the heel lift (or squat) dynamic calibration
motion was defined as V,. The heel lift dynamic calibration motion was used for foot and the
squat dynamic calibration motion was used for the tibia. These vector components were used to
defined the sensor to anatomical orientation matrix, **'R.., for the foot and tibia segments. The

z-axis was temporarily defined as the unit vector from the vertical axis of rotation (equation 27)
and the y-axis was defined as the unit vector from the joint axis of rotation (equation 28). The x-
axis was defined the cross product of the y- and z-axes (equation 29). To ensure the orientation

matrix was orthogonal, the z-axis was then defined as the cross product of the x- and y-axes
(equation 30). The 3 x 3 orientation matrix, **R..,, defined the orientation of the segment’s

anatomical coorindate system with respect to the MARG coordinate system. It was composed of

the set of three column vectors (equation 31).
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ZIEMP = TSENA (27)
[,
SEN
\'
SEN _ 2
Ysee = Tsen s (28)
9,
SEN o SEN 8 5
Xsee=  Ysec X Zremp (29)
SEN 5 SEN ¢ SEN
Lsee=  XseeX Yseo (30)
SEN SEN ¢ SEN ¢ '  SEN '
Rses :l Xsee Ysee Zseo J (31)

Orientation matrices were defined for the foot, "™ "R, (... » and tibia, "™ Re.e ..,
and the static calibration pose was used to establish the initial ankle joint position. Orientation of
the foot segment with respect to the tibia segment, °*R,,, was calculated using equation 32.
Euler angle decomposition was used to calculate joint angles from the orientation matrix.

footR _SEN:footR -1
tib ™

SEN:tib
SEG: foot R

SEGttib (32)

Plantar flexion, inversion, and internal rotation angles at initial contact, peak during the

landing phase, and overall angular displacement were identified using a custom Matlab script.
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3.2.5.4 Initial Contact

Initial contact is typically identified using force platforms, but this equipment could not be used
for the current study because they are contain ferrous material. The MARGs are sensitive to
ferrous material and would result in erroneous data.>® Additionally, initial contact had to be
identified in the field and the force platforms could not be used with the synthetic field surface.
Instead, initial contact was identified using linear accelerations of the instrumented equipment
and marker trajectories of the video-based motion analysis system.

Initial contact for the instrumented equipment was based on a previously defined
method.%® Jasiewicz et al.®® identified initial contact during normal gait using a linear
accelerometer and angular velocity transducer (gyroscope). The vertical component, vertical
when the foot is flat with the ground, of the foot accelerometer was used for analysis. Near
vertical acceleration data and sagittal foot angle data were used to estimate initial contact. Initial
contact was defined as local maximum of the near vertical acceleration that occurred 100 ms
before and 100 ms after peak ankle dorsiflexion. The timing error between the linear acceleration
method and foot switches was -11 + 23 ms.

Linear acceleration and ankle plantar flexion / dorsiflexion data were used to identify
initial contact of instrumented equipment (Figure 26). The acceleration component used was the
z-axis which was vertical when the foot was flat with the ground. The MARG was inserted into
the turf shoe with the z-axis oriented down (with gravity). Therefore, the local minimum of the
vertical acceleration was used instead of local maximum acceleration as used by Jasiewicz et
al.%8 The local minimum of the vertical acceleration that occurred after the ankle began to move
into dorsiflexion was used to estimate initial contact. Initial contact is illustrated as the green

circle in Figure 26.
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Figure 26. Initial contact estimation for instrumented equipment during a drop landing maneuver. Linear
acceleration is plotted in the top frame and ankle plantar flexion (-) and dorsiflexion (+) in the bottom frame. Peak

negative acceleration (green circle) is the estimated initial contact.

Initial contact for the video-based motion analysis system was based on a previously
defined algorithm.®® 7 Hreljac and Marshall® estimated heel strike and toe off during gait at
self-selected speeds that ranged from slow to fast. Heel strike was estimated to occur at the local
maximum in the vertical acceleration of the heel marker. The local maximum occurs when the
derivative of acceleration (jerk) is equal to zero. Therefore, linear interpolation was used to
estimate the actual time. The resulting error in heel strike as compared to a force platform was
4.5 ms. Hreljac and Stergiou’ used the same algorithm to estimate heel strike and toe off using
2D marker displacement as compared to 3D in the previous study. A similar error of 4.5 ms was
found. Linear interpolation was utilized because ground reaction force data was collected at

higher sampling frequencies than marker data. In this study, data were collected at 256 Hz for
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both systems therefore linear interpolation was not necessary. A limitation of this Hreljac and
Marshall algorithm®® was the assumption of a heel-strike gait pattern. The maneuvers performed
in this study were landings and it was possible for participants to land in dorsiflexion (heel-first
contact) and plantar flexion (toe-first contact). Using the heel marker to identify initial contact
would incorrectly estimate initial contact if participants landed in plantar flexion. Therefore, the
algorithm was applied to the heel and toe markers. The local maximum acceleration that
occurred first was selected as initial contact. For example, vertical components of the right heel
(RHEE) and right toe (RTOE) markers during a drop landing are shown in Figure 27. Position is
shown in the top frame, acceleration in the middle frame, and jerk in the bottom frame. Initial
contact is illustrated by magenta circles. In this trial, the participant landed in plantar flexion

(toe-first).
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Figure 27. Initial contact estimation during drop landing maneuver. Vertical components of the right heel
(RHEE) and right toe (RTOE) markers. Local maximum in the vertical component of acceleration were used to

estimate initial contact as illustrated by the magenta circles.
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3.2.6 Statistical Analysis

Intraclass correlation coefficients were used to calculate between-day reliability (ICC(2,1))%® as
shown in equation 33. Standard error of measurement (SEM) was calculated to obtain an

absolute measure of the measurement error in degrees (equation 34).

BMS — EMS

ICC(2,]) = k(RMS — EMS)

(33)

BMS + (k —1)EMS +

where BMS is the between-subjects mean square, EMS is the error mean square, RMS is
the between-raters mean square, k is the number of raters, and n is the number of

participants

SEM = SD+1-ICC (34)

where SD is the standard deviation and ICC is from equation 33

Concurrent criterion validity of the instrumented equipment was established by
comparing ankle plantar flexion, inversion, and internal rotation angles measured simultaneously
from the MARGs and the video-based motion analysis system. Pearson product-moment
correlation coefficients, RMSE, and the Sprague and Geers (S&G) metric were used to quantify
differences between MARG and video-based ankle joint kinematics. The three measures were

used to assess concurrent criterion validity because they provide a comprehensive analysis of the
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agreement. Correlation coefficients (equation 35) measure the level of the linear relationship
between the two time histories. Root mean squared error (equation 36) takes the square root of
the sum of the square difference between time histories, removing any cancelling effect of

positive and negative differences.

. MV -3 M)I>V)
Yn(EM )= (M) Yn(Zve)-(Ev )

(35)

where M and V are MARG and video-based motion analysis data, respectively, and n is

the number of pairs

RMSE = \/lzn:(Mi -V, ¥ (36)

i=1

where M and V are MARG and video-based motion analysis time history vectors at time

step i, respectively, and n is the number of pairs
The S&G metric calculates magnitude error (Msec) and phase error (Ps&c) for the time

histories. The magnitude and phase error are also combined to provide an overall error measure

(Csec) as shown in equations 37-42.7% 72

Msge = !Z_AA -1 (37)
BB
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1 Y ae
P.gc = — COS 1[—} (38)
4 VYV mVes

CS&G = M SZ&G + PSZ&G (39)

where

Vo =" (40)

Veg = = (41)

Vs = = (42)

where Mj and Vi are MARG and video-based motion analysis time history vectors at time

step i, respectively, of equal size n

Intraclass correlation coefficients were interpreted as poor (< 0.40), fair to good (0.40-
0.75), and excellent (> 0.75) using Fleiss’s criteria.” Correlation coefficients (r) were interpreted
as moderate (0.65-0.74), good (0.75-0.84), very good (0.85-0.94), and excellent (0.95-1.00).3% 4>
47 Al statistical analyses were performed using IBM SPSS Statistics, Version 20 (IBM

Corporation, Armonk, NY, USA).
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3.3 RESULTS

Seventeen healthy male soccer players were enrolled in the study. Three participants did not
return for the second day of testing and data was lost on two participants. Therefore, data from
12 healthy male soccer players were used for analysis (Table 5). Representative data for

laboratory and field maneuvers are provided in Appendix B.

Table 5. Participant demographics, mean + standard deviation (n = 12)

Between
Age Height Weight Leg Length Knee Width ~ Ankle Width Vertical Ball Height Session
(years) (cm) (kg) (mm) (mm) (mm) Jump (cm) (cm) Time (day)

26.3+41 1783+72 785%x70 9358+715 103.6%5.0 745+31 52.1+6.1 204790 8.7+3.7

33.1 Reliability

3.3.1.1 Drop Landing Maneuver

Intraclass correlation coefficients ranged 0.380 — 0.969 for instrumented equipment, -0.247 —
0.899 for PIG, and -0.222 — 0.905 for mPIG (Table 6). Reliability statistics could not be
calculated for time-to-peak internal rotation with the modified Plug-in Gait because there was
zero variance. Standard error of measurement ranged 0.9 — 4.7° for initial contact, peak, and
displacement (Table 6). Dorsiflexion was less than 5° for all angle variables and methods, and
inversion was less than 3° for all angle variables and methods. Standard error of measurement

ranged 27 — 102 ms for time-to-peak across all methods (Table 6).
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3.3.1.2 Drop Jump Maneuver

Intraclass correlation coefficients ranged 0.072 — 0.887 for instrumented equipment, 0.059 —
0.867 for PIG, and 0.039 — 0.881 for mPIG (Table 7). Standard error of measurement ranged 0.9
— 7.7° for initial contact, peak, and displacement (Table 7). Dorsiflexion was less than 5° for
initial contact for all methods and for peak for PIG and mPIG. Inversion was less than 3° for all
variables and methods. Standard error of measurement ranged 21 — 142 ms for time-to-peak

across all methods (Table 7).

3.3.1.3 Stop Jump Maneuver

Intraclass correlation coefficients ranged 0.058 — 0.558 for instrumented equipment, 0.286 —
0.789 for PIG, and -0.055 — 0.834 for mPIG (Table 8). Standard error of measurement ranged 0.9
— 13.1° for initial contact, peak, and displacement (Table 8). Dorsiflexion was only less than 5°
for peak for all methods. Inversion was less than 3° for initial contact for PIG and mPIG, and for
peak and displacement for all methods. Standard error of measurement ranged 33 — 151 ms for

time-to-peak across all methods (Table 8).

3.3.1.4 Jump-Stop Cut Maneuver

Intraclass correlation coefficients ranged -0.175 — 0.907 for instrumented equipment, 0.397 —
0.896 for PIG, and 0.119 — 0.931 for mPIG (Table 9). Standard error of measurement ranged 1.0
— 10.1° for initial contact, peak, and displacement (Table 9). Dorsiflexion was less than 5° for
initial contact and peak for all methods. Inversion was less than 3° for initial contact and
displacement for all methods, and for peak for PIG and mPIG. Standard error of measurement

ranged 30 — 134 ms for time-to-peak across all methods (Table 9).
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3.3.1.5 Jump Header Soccer Maneuver

Intraclass correlation coefficients ranged -0.155 — 0.752 for instrumented equipment (Table 10).
Standard error of measurement ranged 2.1 — 8.4° for initial contact, peak, and displacement
(Table 10). Dorsiflexion was less than 5° for peak and inversion was less than 3° for
displacement. Standard error of measurement ranged 0 — 62 ms for time-to-peak across all

methods (Table 10).

3.3.1.6 Moving Header Soccer Maneuver

Intraclass correlation coefficients ranged -0.052 — 0.881 (Table 10). Standard error of
measurement ranged 3.2 — 8.3° for initial contact, peak, and displacement (Table 10).
Dorsiflexion was less than 5° for all variables, but was not less than 3° for any variables.
Standard error of measurement ranged 15 — 37 ms for time-to-peak across all methods (Table

10).

3.3.1.7 Slalom Maneuver
Reliability statistics were not calculated for the slalom maneuver because the kinematics

collected could not be used for analysis.

3.3.2 Concurrent Criterion Validity

Validity statistics for the instrumented equipment using PIG and mPIG as gold standards are
shown in Tables 11 and 12. Sagittal plane data were highly correlated for PIG (r = 0.900 — 0.975)
and mPIG (r = 0.925 — 0.979) methods for all maneuvers. The RMSE was less than 5° for drop

landing, drop jump, and stop jump maneuvers for PIG and mPIG methods. The jump-stop cut
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maneuver resulted in RMSE greater than 5° for PIG (RMSE = 3.59 — 4.21) and mPIG (RMSE =
3.70 — 4.17). The combined Sprague and Geers metric (Csec) was lowest for the stop jump and
was followed by drop jump, drop landing, and jump-stop cut. These results were similar for PIG
and mPIG. However, the magnitude and phase errors did not follow a similar pattern across PIG
and mPIG. The PIG method resulted in greater phase error for drop landing, drop jump, and stop
jump maneuvers. Conversely, the mPIG method resulted in greater magnitude error for these
maneuvers. The jump-stop cut maneuver resulted in similar findings of greater magnitude error
as compared to phase error.

Frontal plane data were poorly correlated (r = -0.074 — 0.562) for PIG and mP1G methods
for all maneuvers. Furthermore, RMSE was greater than 3° all maneuvers and methods, except
for drop landing for the PIG method (RMSE = 2.86). The Csac was generally two times greater
as compared to the sagittal plane.

Transverse plane data were poorly correlated for PIG and mPIG methods for all
maneuvers. However the PIG method (r = 0.474 — 0.654) resulted in greater correlations
compared to the mPIG method (r = -0.055 — -0.221). The RMSE was the greatest in the
transverse plane (RMSE = 8.36° — 15.66°) and was similar between PIG and mPIG methods. The
Csec for the PIG methods were similar to the frontal plane, which was approximately two times
greater than the sagittal plane. The Csec for the mPIG method were similar across all maneuvers
and were the highest combined errors. Magnitude error were lower as compared to phase errors

for PIG and the opposite was found for the mPIG method.
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Table 6. Reliability statistics for drop landing maneuver

Initial Contact (°) Peak (°) Time-to-Peak (s) Displacement (°)

Method Variable ICC 95% Cl SEM ICC 95% Cl SEM ICC 95% Cl SEM ICC 95% Cl SEM
Dorsiflexion 0.711 0.266 0.907 2.7 0380 -0.174 0.765 3.9 0.693 0.070 0.910 0.051 0.518 -0.084 0.835 4.7
In;;Ll::rsind Inversion 0.666 0.157 0.892 23 0.546 0.036 0.840 1.8 0.969 0.898 0.991 0.026 0.717 0.257 0910 1.2
Internal Rotation 0.761 0.348 0.925 3.3 0.761 0.348 0.925 33 - - - - 0.890 0.667 0.967 3.0
Dorsiflexion 0.743 0.251 0922 238 0.822 0.487 0945 2.2 0.899 0.699 0.970 0.028 0.809 0.417 0943 29
Plug-in Gait Inversion 0.812 0.467 0942 0.9 0.674 0.217 0.892 1.7 -0.247 0.613 0.310 0.045 0.239 -0.384 0.703 1.7
Internal Rotation 0.777 0.382 0931 44 0849 0.553 0954 37 0334 -0.311 0.754 0.102 0.608 0.092 0.868 3.5
- Dorsiflexion 0.626 0.124 0.881 43 0.873 0.604 0.753 2.2 0.905 0.658 0.974 0.027 0.740 0.314 0921 3.9
P:\:go_?:ggn Inversion 0.391 -0.283 0.794 1.7 -0.222 -0.801 0.443 15 0.098 -0.567 0.650 0.114 0.234 -0.436 0.720 14
Internal Rotation 0.567 -0.022 0.862 1.8 0.841 0.512 0.955 0.9 0.616 0.107 0.877 0.063 0.096 -0.582 0.651 1.6

Table 7. Reliability statistics for drop jump maneuver

Initial Contact (°) Peak (°) Time-to-Peak (s) Displacement (°)

Method Variable ICC 95% Cl SEM ICC 95% Cl SEM ICC 95% Cl SEM ICC 95% Cl SEM
Dorsiflexion 0.755 0.354 0923 26 0.072 -0.553 0.613 73 0.733 0.315 0.914 0.037 0.084 -0.400 0.584 6.0
Inlzs;cl:;;nne:z:]id Inversion 0.741 0314 0918 1.5 0487 -0.033 0.813 2.8 0.706 0.239 0.906 0.056 0.887 0.629 0967 1.6
Internal Rotation 0.788 0.392 0.935 35 0.648 0.138 0.885 52 0.397 -0.124 0.769 0.089 0.516 -0.015 0.828 6.9
Dorsiflexion 0.782 0.412 0932 2.8 0.638 0.115 0.882 2.6 0.780 0.395 0.931 0.034 0.459 -0.048 0.798 5.7
Plug-in Gait Inversion 0.867 0.607 0960 09 0.713 0.273 0908 1.6 0.208 -0.345 0.674 0.103 0.397 -0.232 0.783 2.2
Internal Rotation 0.837 0.523 0.951 43 0.596 0.035 0866 7.7 0.059 -0.582 0.609 0.142 0.493 -0.121 0.825 6.6
N Dorsiflexion 0.716 0.268 0913 3.6 0.715 0.248 0914 3.0 0.770 0.366 0.932 0.031 0.209 -0.324 0.683 7.5
P:\L/JI;—?:\ﬂGegit Inversion 0.415 -0.267 0.805 14 0.280 -0.407 0.744 14 0.219 -0.427 0.709 0.121 0.556 -0.056 0.859 14
Internal Rotation 0.881 0.615 0.967 1.3 0.857 0.571 0959 16 0.039 -0.612 0.616 0.127 0.697 0.183 0.909 2.1
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Table 8. Reliability statistics for stop jump maneuver

Initial Contact (°) Peak (°) Time-to-Peak (s) Displacement (°)
Method Variable ICC 95% Cl SEM ICC 95% Cl SEM ICC 95% Cl SEM ICC 95% Cl SEM
Dorsiflexion 0.284 -0376 0.732 7.1 0251 -0.307 0.698 4.1 0506 -0.002 0.821 0.051 0.241 -0.373 0.703 12.7
In;;:?;::g;id Inversion 0.058 -0.482 0.584 34 0.269 -0.301 0.710 3.1 0421 -0.110 0.782 0.103 0.438 -0.115 0.794 2.7
Internal Rotation  0.558 -0.023 0.851 5.9 0.074 -0.550 0.614 11.0 0.329 -0.224 0.739 0.151 0.136 -0.457 0.642 10.7
Dorsiflexion 0.506 -0.100 0.831 6.4 0.398 -0.247 0.785 3.2 0.621 0.134 0.872 0.035 0.286 -0.306 0.723 114
Plug-in Gait Inversion 0.789 0409 0935 09 0.730 0.319 0.913 14 0649 0.182 0.882 0.062 0.602 0.107 0864 1.6
Internal Rotation 0.699 0.236 0903 4.1 0535 -0.009 0.838 6.6 0380 -0.261 0.776 0.140 0.605 0.120 0.865 5.5
- ) Dorsiflexion -0.055 -0.713 0.565 81 0.714 0.237 0914 28 0.652 0.158 0.891 0.033 0.286 -0.356 0.741 131
Modmggiflug-m Inversion 0.302 -0.185 0.724 2.1 0.052 -0.510 0.602 1.6 0.228 -0.214 0.672 0.127 0.340 -0.206 0.754 1.4
Internal Rotation  0.453 -0.133 0.813 2.5 0.834 0.492 0.952 14 0.196 -0.290 0.666 0.100 0.768 0.329 0.932 1.2
Table 9. Reliability statistics for jump-stop cut maneuver
Initial Contact (°) Peak (°) Time-to-Peak (s) Displacement (°)
Method Variable ICC 95% Cl SEM ICC 95% Cl SEM ICC 95% Cl SEM ICC 95% Cl SEM
Dorsiflexion 0.675 0.222 0.893 44 0.844 0536 0953 238 0.645 0.158 0.882 0.036 0.220 -0.388 0.691 10.7
In;;;m;;nrszzid Inversion 0.907 0.719 0972 19 0609 0.089 0.869 3.2 0706 0.257 0.905 0.039 0.484 -0.041 0.813 26
Internal Rotation 0.579 0.009 0.860 5.9 0.186 -0.471 0681 85 -0.175 -0.697 0.432 0.134 0.269 -0.361 0.720 6.8
Dorsiflexion 0.896 0.684 0969 2.8 0.686 0.209 0.899 1.6 0.746 0.339 0.919 0.031 0.600 0.055 0.867 7.3
Plug-in Gait Inversion 0.783 0396 0933 10 0.765 0.373 0926 1.2 0.511 -0.093 0.832 0.050 0.552 0.050 0.842 11
Internal Rotation 0.741 0.328 0.917 4.2 0.576 0.079 0.853 5.2 0.397 -0.223 0.782 0.117 0.573 0.076 0.851 3.3
. Dorsiflexion 0931 0.765 0.981 2.5 049 -0.127 0.835 24 0.730 0.278 0.919 0.030 0.461 -0.183 0.822 9.4
Pm;—?:lGegit Inversion 0.367 -0.301 0.783 16 0.354 -0.322 0.778 1.9 0.367 -0.269 0.779 0.044 0.624 0.048 0.884 21
Internal Rotation 0.855 0.546 0959 1.8 0.765 0.301 0.929 17 0.119 -0.577 0.666 0.080 0.427 -0.224 0.807 1.4
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Table 10. Reliability statistics for field maneuvers

Initial Contact (°) Peak (°) Time-to-Peak (s) Displacement (°)
Maneuver Variable ICC 95% Cl SEM ICC 95% Cl SEM ICC 95% ClI SEM ICC 95% Cl SEM
Dorsiflexion 0.535 0.030 0.834 2.2 0.145 -0.483 0.654 6.2 0.384 -0.245 0.776 0.062 -0.155 -0.627 0.425 6.4
Header Inversion 0.498 -0.013 0.818 4.5 0.542 0.037 0.838 44 0.752 0.332 0922 0.039 0.378 -0.140 0.759 21
Internal Rotation  0.253 -0.386 0.713 8.4 0.265 -0.376 0.719 8.3 0.007 -0.547 0.558 0.000 0.525 -0.076 0.838 5.2
] Dorsiflexion 0.564 -0.009 0.853 4.7 0.648 0.168 0.883 3.6 0.642 0.116 0.883 0.020 0.563 0.025 0.850 4.1
E{/I;av(;rﬁ Inversion 0.767 0.361 0927 33 0.305 -0.320 0.737 4.6 0.543 -0.015 0.843 0.037 0.730 0.295 0914 3.2
Internal Rotation  -0.052 -0.659 0.536 8.3 0.660 0.146 0.890 7.1 0.881 0.486 0.941 0.015 0.674 0.177 0.895 8.0
Dorsiflexion
Slalom Inversion
Internal Rotation
Table 11. Validity statistics for instrumented equipment and Plug-in Gait method
Maneuver Angle Correlation Coeff RMSE Msg Psg Csg
Plantar / dorsiflexion 0935 + 0.072 359 + 130 0.080 + 0.151 0.142 + 0.069 0.211 = 0.106
LaDnrgiF:]g Eversion /inversion 0.327 + 0.417 286 + 1.18 -0.284 + 0420 0.335 + 0.130 0.619 = 0.181
Internal / external rotation 0.545 + 0.182 836 + 2.82 -0.094 + 0501 0.295 + 0.125 0.569 + 0.214
Plantar / dorsiflexion 0.975 + 0.015 4.18 + 167 0.060 + 0.174 0.090 + 0.027 0.158 + 0.133
ergz Eversion / inversion -0.074 + 0.452 476 + 117 -0434 + 0.451 0426 + 0.139 0705 + 0.195
Internal / external rotation 0.637 + 0.170 1032 + 3.00 -0.133 + 0.505 0.285 + 0.102 0.521 + 0.283
Plantar / dorsiflexion 0.973 + 0.019 421 + 177 0.070 + 0.167 0.088 + 0.028 0.155 + 0.133
Jsut::; Eversion /inversion -0.164 + 0.415 518 + 126 -0457 + 0321 0456 + 0.138 0.684 + 0.151
Internal / external rotation 0.654 + 0.145 1037 + 3.67 -0.124 + 0420 0.288 + 0.127 0.485 + 0.223
Plantar / dorsiflexion 0.900 + 0.068 7.47 + 3.04 0242 + 0243 0.134 + 0.065 0.312 + 0.211
Stjcl)‘lr(?ut Eversion /inversion -0.089 + 0.242 507 + 166 -0.270 + 0.405 0.365 + 0.152 0.560 + 0.190
Internal / external rotation 0.474 + 0.229 1057 + 332 -0071 + 0.385 0.212 + 0.111 0411 + 0.191
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Table 12. Validity statistics for instrumented equipment and modified Plug-in Gait method

Maneuver Angle Correlation Coeff RMSE Msg Psg Csg
Plantar / dorsiflexion 0.953 + 0.030 3.70 + 115 0.192 + 0.220 0.116 + 0.056 0.287 + 0.134
Lzlx)nrgizg Eversion /inversion 0.376 + 0.332 338 + 145 -0.204 + 0.357 0406 + 0.142 0.616 + 0.162
Internal / external rotation -0.082 + 0.491 9.01 + 244 -0.694 + 0207 0417 + 0.169 0.832 * 0.205
Plantar / dorsiflexion 0.979 + 0.011 4.17 + 144 0.159 + 0.132 0.079 + 0.023 0.192 + 0.114
Jlir:‘z Eversion /inversion 0.562 + 0.278 3.76 + 093 -0400 + 0.243 0308 + 0.148 0.570 * 0.111
Internal / external rotation -0.055 + 0.407 1146 + 2.08 -0.678 + 0.224 0.429 + 0.109 0.818 + 0.194
Plantar / dorsiflexion 0.977 + 0.015 4.17 + 125 0.157 + 0.112 0.077 + 0.024 0.183 + 0.102
Jsut;’; Eversion /inversion 0394 + 0310 3.8 + 094 -0.277 + 0222 0301 + 0.112 0480 * 0.129
Internal / external rotation -0.128 + 0.462 1183 + 174 -0665 + 0.198 0462 + 0.109 0.826 * 0.160
Plantar / dorsiflexion 0.925 + 0.036 852 + 394 0370 + 0.254 0.122 + 0.058 0.403 + 0.241
Sth:J:?ut Eversion /inversion 0.508 + 0376 462 + 146 0052 + 0.262 0.322 + 0.163 0448 * 0.165
Internal / external rotation -0.221 + 0.263 1566 + 3.67 -0.714 + 0203 0464 + 0.164 0.892 + 0.148
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3.4  DISCUSSION

The purpose of this study was to establish the reliability and validity of a kinematic assessment
using instrumented equipment during athletic maneuvers. It was hypothesized the instrumented
equipment would have good test-retest reliability (ICC > 0.80) and standard error of
measurement < 5° for plantar flexion/dorsiflexion and < 3° for inversion/eversion. Ankle joint
kinematics collected by the instrumented equipment were hypothesized to be valid with excellent
correlation coefficients (r > 0.95) and root mean squared errors < 5° for plantar
flexion/dorsiflexion and < 3° for inversion/eversion as compared to a video-based motion
analysis system. The instrumented equipment resulted in poor to excellent reliability and very
good to excellent validity for drop landing and drop jump maneuvers, poor to fair reliability and
excellent validity for the stop jump maneuver, and poor to excellent reliability and very good
validity for the jump-stop cut maneuver. Soccer-specific field maneuvers resulted in poor to

good reliability.

3.4.1 Reliability

Intraclass correlation coefficients ranged from poor to good. The hypothesis of good test-retest
reliability was not supported for the instrumented equipment because the majority of ICC were
less than 0.80 (Tables 6-9). While most variables were not greater than 0.80, ICC were fair to
good”® and similar to PIG results. Only one study was identified that calculated test-retest

reliability statistics for ankle joint kinematics. Cloete and Scheffer? used coefficient of multiple
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correlations to assess reliability and found excellent reliability of all planes of motion for the
ankle (CMC = 0.872 — 0.976). Participants performed a gait task and similar results were found
for the knee and hip. No studies were identified that collected ankle joint kinematics using an
inertial based motion analysis system during similar athletic maneuvers. The landing impact that
occurs during the athletic maneuvers performed in this study would be expected to increase
motion artifact and possibly reduce test-retest reliability. One study was identified that collected
ankle joint kinematics during similar athletic maneuver for a video-based motion analysis
system. Ford et al.”* calculated between-session ICC for longitudinal studies designs.
Participants performed a drop jump maneuver from a 31 cm box approximately seven weeks
apart (6.7 = 1.4 weeks). Reliability statistics were calculated for angles at initial contact, peak
angle during the first landing phase, and total excursion. The results of this study were compared
to Ford et al’* (Table 13) and were found to be similar for PIG across all variables. Instrumented
equipment were similar for dorsiflexion and inversion at initial contact, but lower for
dorsiflexion peak and displacement. Overall, angles at initial contact were more reliable for the
instrumented equipment than peak angle and displacement. This is likely due to the landing

impact that occurred after initial contact.

Table 13. Test-retest reliability during drop jump maneuver compared to Ford et al., 20077

Dorsiflexion Inversion
Initial Initial
Method Contact Peak Displacement Contact Peak Displacement
Instrumented Equipment 0.755 0.072 0.084 0.741 0.487 0.887
Plug-in Gait 0.782 0.638 0.459 0.867 0.713 0.397
Modified Plug-in Gait 0.716 0.715 0.209 0.415 0.280 0.556
Ford et al.”** 0.922 0.584 0.826 0.835 0.754 0.489

*1CC(3,1)
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Generally, drop landing and drop jump maneuvers resulted in the best ICCs, followed by
jump-stop cut and stop jump maneuvers. The stop jump maneuver resulted in poor reliability
statistics compared to the other maneuvers. Poor reliability was found for the instrumented
equipment and the PIG method. A possible explanation for poor reliability of the stop jump
maneuver is ankle landing strategy. Akins et al. identified that some participants land in plantar
flexion and others in dorsiflexion.” Landing in plantar flexion results in a negative value and
dorsiflexion a positive value. Positive and negative values for ankle flexion angle in the
reliability calculation may have resulted in the poor reliability statistics.

Field maneuvers failed to support the hypothesis of ICC > 0.80, resulting in lower ICC as
compared to laboratory maneuvers. The jump header soccer maneuver resulted in fair to good
ICC for initial contact and poor ICC for peak and displacement in the sagittal plane. The frontal
plane resulted in fair to good ICC for initial contact, peak, and time-to-peak; and poor ICC for
displacement. The moving header soccer maneuver resulted in fair to good ICC for all variables
in sagittal and frontal planes. This was the first study to establish reliability statistics on these
maneuvers. Butler et al.%? performed a soccer heading maneuver similar to the moving header
maneuver, but no reliability statistics were reported for the maneuver. The slalom maneuver was
select because it is commonly performed in soccer practices to increase speed and agility.
Unfortunately, consistent measurements of ankle joint kinematics were not obtained. Participants
sprinted to a cone and then performed a plant-and-cut maneuver on the test leg. The preceding
sprint caused data to drift and was likely due to the sensor fusion algorithm. The gradient descent
algorithm does not utilize zero-velocity updates.®” Zero-velocity detecting algorithms have been
used in gait studies to identify when the sensor is stationary’® and may have allowed for better

slalom data.
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Standard error of measurement was calculated to provide an absolute measure of the
measurement error. It was hypothesized that SEM would less than 5° for dorsiflexion and the
hypothesis was partially supported. For drop landing and moving header maneuvers, initial
contact, peak, and displacement were less than 5°. For drop jump, jump-stop cut, and jump
header maneuvers, SEM was less than 5° for initial contact, but peak and displacement were not.
Only peak angle resulted in SEM less than 5° for stop jump, initial contact and displacement
were greater than 5°. The higher SEM is likely due to the poor ICC values (ICC = 0.072 —
0.145). Standard error of measurement for ankle joint kinematics was not identified in the

literature.

3.4.2 Validity and Sensor Accuracy

The instrumented equipment collected valid and accurate data in the sagittal plane. Excellent
correlations (r > 0.95) were hypothesized and found for the drop jump and stop jump maneuvers.
Very good correlations (r > 0.90) were found for the drop landing and jump-stop cut maneuvers.
Frontal and transverse plane data were not valid (r = -0.22 — 0.65). Limited validity data is
available in the literature and has only been computed for gait3> 33 35 and stair ascent/descent.3!
Good sagittal plane correlations were identified in the literature and ranged 0.93 — 0.98.3% 33 3%
Conversely, Cloete and Scheffer®? found poor sagittal plane correlations (r = 0.08 — 0.17) during
gait. The authors attributed the poor correlations to differences in the calculation of rotation axes
and poor sensor securement to the foot. In this study, the axes of rotation for were calculated
using a function method.® For the sagittal plane, participants performed closed-chain heel lifts

which results in the axis of rotation being approximately through the malleoli. The axis of
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rotation for the PIG and mPIG methods is established using the lateral and medial malleoli which
likely contributed to the good correlations in this study.

Frontal and transverse planes did not results in valid data which differ from previous
studies.®* % Picerno et al.*® did not report validity statistics by plane of motion or joint, but found
correlations greater than 0.942 during gait. Similarly, Ferrari et al.*® found correlations of 0.98
for the frontal plane and 0.68 for the transverse plane. Bergmann et al.3! did not collect frontal
and transverse plane kinematics, only sagittal plane. The results of this study followed a similar
pattern of the knee and hip kinematics of Cloete and Scheffer.3? They found valid sagittal plane
data (r = 0.92 — 0.94), but frontal and transverse plane data were not valid (r = 0.26 — 0.72). The
authors did not provide explanations for the difference between the planes of motion.

The instrumented equipment accurately measured sagittal plane angles for the drop
landing, drop jump, and stop jump maneuvers (RMSE < 5.0°); sagittal plane data during the
jump-stop cut maneuver were not (RMSE = 7.5 — 8.5). Results of accurate sagittal plane angle
data are similar to previous studies measuring sensor accuracy for ankle joint kinematics. Errors
in sagittal plane measures of previous studies range 0.3° — 4.5° 3% 3436 excluding Cloete and
Scheffer?® who found RMSE = 11.6°. Frontal and transverse planes were not accurate for any
maneuver (RMSE > 3.0°) except for the frontal plane during drop landing (RMSE = 2.9°). These
results are in contrast to O’Donovan et al.** and Picerno et al.* who found good sensor accuracy
(RMSE < 3.0°) for the frontal and transverse planes.

Possible reasons for not finding valid and accurate senor data in the frontal and transverse
planes include smaller range of motion during the maneuvers, greater sensitivity to impact
accelerations, and axis of rotation estimation. Anatomically, ankle range of motion in the frontal

plane is smaller compared to the sagittal plane, approximately 60° versus 70°, respectively.”’
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During landing maneuvers, differences in the range of motion is greater with approximately 50°
in the sagittal plane and 10° in the frontal plane.}* The smaller motion that occurs during the
jumping and landing maneuvers performed in this study may not be large enough to be measured
with the instrumented equipment. The impact experienced by the sensors during the landing
phase of the maneuvers may also introduce too much noise, resulting in erroneous data. No
previous studies were identified that measured ankle joint kinematics during jumping and
landing maneuvers. While the closed-chain heel lift provided a good axis of rotation for the
sagittal plane, differences in how the axes of rotation are calculated may have attributed to
invalid data. The axis of rotation for the transverse plane was determined using a full body
rotation. O’Donovan et al.** used this method to define the longitudinal axis of the whole body
and therefore the vertical axes of the tibia and foot. Care was taken during data collection to
ensure participants were standing in the anatomical neutral position, but this may not have been
the most appropriate approach for the vertical axis. The frontal plane axis of rotation was the
cross product of the sagittal and transverse axes of rotation.

To the author’s knowledge, this was the first human kinematic study to use the Sprague
and Geers metric for validity. Based on the results of this study, the metric may be a useful tool
for future studies. Sagittal plane kinematics for the drop landing, drop jump, and stop jump were
valid and accurate. Reviewing Csac values (Tables 11-12), values less than 0.30 resulted in valid
and accurate measures. More research using this metric as a validation tool for human motion
analysis is needed, but appears promising. The main benefit of this metric is that magnitude and
phase are quantified independently and then combined into a single score.

Reliable and valid ankle joint kinematics were collected in the sagittal plane using the

instrumented equipment for laboratory and field maneuvers. Drop landing and drop jump
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maneuvers resulted in poor to excellent reliability and very good to excellent validity. The stop
jump maneuver resulted in poor to fair reliability and excellent validity. The reduced reliability
measures are likely due to the changes in ankle landing strategy between trials and/or sessions.”
The jump-stop cut maneuver resulted in poor to excellent reliability and very good validity. Field

maneuvers resulted with poor to good reliability.
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4.0 IDENTIFICATION OF LABORATORY MANEUVERS THAT ELICIT GAME-

LIKE DEMANDS

The purpose of this study was to identify laboratory maneuvers that elicit game-like demands.
Ankle joint kinematics collected in the field were compared to ankle joint kinematics collected in
the laboratory during athletic maneuvers of varied demand. It was hypothesized that ankle joint
kinematics would be similar between the landing phase of the jump header and drop landing
maneuver at a platform height of 20 cm, between the landing phase of the moving header and
stop jump at 40% of the participant’s height, and between the cutting phase of the slalom course

and jump-stop cutting maneuver at 40% of the participant’s height.

4.1 INTRODUCTION

Identification of laboratory maneuvers that elicit game-like demands required data to be
collected in the laboratory and in the field. Limited information was available in the literature
and no studies were identified comparing human kinematics under both conditions. A reason for
limited studies comparing laboratory and field data is the lack of portable instrumentation.
Instrumentation capable of measuring and recording human kinematics in the field would
increase content validity of athletic maneuvers used in sport medicine research laboratories and

provide a vital tool for injury prevention research. Instrumented shin guards and soccer shoes

89



were developed to measure reliable and valid ankle joint kinematics (Chapters 2-3) because
ankle sprains were the most common injury among collegiate soccer athletes. 2 Athletes that
experience these injuries have recurrent sprains due to ankle instability,® 7 incur proprioceptive
deficits,®1% and are at greater risk of ankle osteoarthritis.** *2 To prevent ankle sprain injuries, the

mechanisms of non-contact injuries must first be identified.

4.1.1 Mechanisms of Non-Contact Ankle Sprain Injuries

The mechanisms of non-contact ankle sprain injuries were reviewed to determine the type of
simulated athletic maneuvers to be collected in the laboratory and soccer-specific maneuvers to
be collected in the field. Non-contact ankle sprain injuries accounted for 31-79% of ankle sprain
injuries in soccer players and the most common mechanisms of non-contact ankle sprain injuries
were landing, twisting/turning, and running.”®8! Woods et al. tracked ankle sprain injuries of 91
English professional soccer clubs over two competitive seasons. Non-contact ankle sprain
injuries accounted for 39% of injuries and player-to-player contact accounted for 56% of
injuries. Mechanisms of non-contact ankle sprain injuries included landing (35%),
twisting/turning (31%), and running (11%). Similar rates of non-contact ankle sprain injuries
were found for Icelandic elite male soccer clubs (31%)”° and higher rates in English youth (9 —
18 years) of the English Football Association (48%).2° Cloke et al.& found similar mechanisms
of non-contact ankle sprain injuries, but were reported as a percentage of all ankle sprain injuries
(not as a percentage of non-contact injuries). The mechanisms included running (11%),
twisting/turning (10%), and landing (8%). Greater rates of non-contact ankle sprain injuries were

identified for Greek professional players (71%)% Fousekis et al.8! prospectively tracked 100
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players for one competitive season and 17 players experienced non-contact ankle sprain injuries.

The mechanisms of injury were landing (77%) and cutting (23%).

4.1.2 Review of Laboratory Maneuvers for Examining Ankle Injuries

Biomechanical studies use athletic maneuvers in laboratories to simulate actions associated with
mechanisms of injury. Landing and twisting/turning have been identified as the common
mechanisms of non-contact ankle sprain injuries.”®8! Common athletic maneuvers used to
simulate landing include drop landing,>® 82 8 drop jump,8% and stop jump maneuvers.8’8
Twisting/turning is commonly simulated wusing a side-step cutting maneuver.%-%2
Methodological variations in drop landing, drop jump, stop jump, and side-step cutting
maneuvers were reviewed to identify appropriate demands to vary. Soccer-specific
biomechanical studies were also reviewed to identify appropriate field maneuvers.

The drop landing maneuver is performed with participants standing on an elevated
platform and dropping down with one or both feet. Participants typically land on force platforms
and the landing phase of the maneuver is used for analysis. The drop landing is commonly used
in sports medicine research because it requires the lower extremity to decelerate the body upon
landing.8 The drop jump maneuver is similar to the drop landing. Participants stand on an
elevated platform, drop down, and then immediately perform a maximal vertical jump. The drop
jump maneuver is also commonly used because it requires the lower extremity to decelerate the
body upon landing and is immediately followed by a change of direction.®® % % Platform heights
for drop landings*® 5% 82.83,95-9 ranged 20 to 80 cm (Table 14). The most frequent height was 60

cm although a few studies used multiple platform heights.*® % 97 Platform heights for drop
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jumps’# 84-86.99-102 ranged 15 to 50 cm (Table 15). The most frequent height was 30-31 cm and
two studies used multiple platform heights, 0 101

Investigators have demonstrated that platform height significantly alters landing
biomechanics. Santello et al.® used the drop landing maneuver and found drop height
significantly altered ground reaction forces and joint kinematics. Platform heights were 20, 40,
60, and 80 cm. Peak vertical ground reaction forces significantly increased with drop height and
time-to-peak vertical ground reaction force significantly decreased. Joint kinematics were
reported at initial contact, peak after landing, and time-to-peak joint angle. Knee flexion angle
decreased significantly at 80 cm as compared to 20 cm. Ankle and hip flexion angles at initial
contact decreased with drop height, but were not significant. Peak knee and hip flexion angles
significantly increased with drop height and no differences were found for the ankle. Time-to-
peak ankle and hip flexion angles significantly increased at 80 cm as compared to 20 cm. Moran
et al.1® 1 found similar findings using the drop jump maneuver. Increased platform height
significantly decreased knee flexion at initial contact, significantly increased knee flexion
displacement, and did not alter peak knee flexion angle.*? 91 Platform heights were 30 and 50
cm?® and 15, 30, and 45 cm.'® These results demonstrate that platform height differences of 15
to 20 cm are able to elicit changes in joint kinematics. Therefore, platform heights of 20, 40, and
60 cm were selected as the varied demand for the drop landing and drop jump maneuvers in this
study.

The stop jJump maneuver consists of an approach, landing, takeoff, and jump direction. It
places the lower extremity under similar demands as the drop jump maneuver: deceleration and
change of direction.8® ° % The stop jump provides greater specificity with athletes as compared

to the drop jump because athletes generally do not drop or jump from elevated heights. The stop
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jump simulates a basketball rebound, volleyball spike, or similar plant-and-jump athletic
maneuver. Of the methodologies reviewed,878% 103109 anproach varied greatly, landing and
takeoff were the same, and jump directions differed (Table 16). All stop jump variations required
two-footed landings and takeoffs, and performed vertical jump directions. Variations in jump
direction included forwards and backwards,®” 1% and left and right.1%

The stop jump approach consisted of three types: defined number of steps;1%4 105108 ypper
limit of steps;®” 89 103,106,109 44 3 jump distance of 40% of the participant’s height.®® 17 The
defined number of steps were 3 or 4 steps and the upper limit of steps allowed up to 3, 4, or 5
approach steps. Interestingly, approach type varied within research groups which makes it
difficult to identify an objective method to vary demand. Approach was also defined as a jump
distance of 40% of the participant’s height. A broad jump was performed from the 40% jump
distance exposing participants to the same demand. A justification for selecting 40% was not
provided,® %7 but is a moderate jump that all athletes can perform. No kinematic studies were
identified comparing different approach types or jump distances. A defined jump distance as a
function of the participant’s height exposes participants to a similar demand and is easily varied.
Therefore, jump distances of 20, 40, and 60% of the participant’s height were selected as the
varied demand for the stop jump maneuver in this study.

The side-step cutting maneuver consists of an approach distance, approach speed, cut
angle, and post-cut instructions. The maneuver exposes the lower extremity to deceleration,
change of direction, and twisting/turning.*® 1! With respect to specificity, the side-step cut is
similar to the stop jump because athletes commonly perform plant-and-cut movements to avoid
defenders. Several studies were identified and methodologies reviewed (Table 17).%0-92 110, 112-130

Approach distance ranged 3.0 to 8.0 m®% 92 113, 117, 120-122, 124,128, 130 ang was not specified in all
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studies. Approach speed varied from 3.0 to 7.0 m/s with the majority of studies allowing the
speed to vary 1.0 to 1.5 m/s. Timing gates were the most common methods of controlling
approach speed. A cut angle of 45° was most common with a few studies using 30° and/or 60°
cut angles.110 115 116,124 post_cyt instructions were not provided in most studies. While the effect
of post-cut instructions on the side-step cut maneuver are unknown, the current study included
instructions to ensure participants completed the maneuver similarly and also allow future
researcher to recreate the maneuver. Post-cut instructions reported were exiting the cut with a
speed of 4.5-5.5 m/s, 18 run a specific distance®® 2" 12° or number of steps,'*® and simply run.!?8

Three studies did not use the standard running approach, but used a broad jump from
level ground®® 2 and jump from an elevated platform.'?” Ford et al.*® developed a jump-stop cut
maneuver that likely reduces the variability of using an approach speed range. Participants stood
40 cm from force platforms in an athletic ready position. The athletic ready position required
participants to stand with a knee flexion angle of 45° + 5° for 4 seconds and then perform the
jump-stop cut maneuver. Participants jumped forward to the force platform using both feet,
performed the side-step cut at a 45° cut angle with one foot, and ran past a marker 2.5 m away.
This maneuver was also performed by Miranda et al.,!?® but an initial jump distance of
approximately 1 m was used. Similar to the stop jump maneuver, no studies were identified
comparing different approach types or jump distances. Jump distances defined as a percentage of
participant height places a similar demand on each participant. Therefore, the jump-stop cut
maneuver was selected over the traditional side-step cut maneuver with an approach speed. Jump
distances of 20, 40, and 60% of the participant’s height were selected as the varied demand for

the jump-stop cut maneuver in this study.
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4.1.3 Review of Soccer-Specific Field Maneuvers

The literature was reviewed to identify biomechanical studies analyzing joint kinematics of
soccer-specific maneuvers. Studies analyzing kicking biomechanics were excluded. One study
was identified that performed a soccer-specific jump heading maneuver. Butler et al.%? developed
a jump heading maneuver where participants performed a modified stop jump maneuver that
included striking a soccer ball with their head. Participants performed a broad jump from 50% of
their height (measured to the center of the force platforms), landed with each foot on separate
force platforms, and immediately jumped and struck the soccer ball with their head. The soccer
ball was placed at height equal to 50% of the participant’s maximum vertical jump height. No
instructions were provided on heading or landing technique.

Due to the lack of kinematic analyses of soccer-specific maneuvers, other methods were
used to identify soccer-specific maneuvers. Soccer players, soccer training manuals, and soccer
training websites were consulted; resulting in two landing maneuvers and one cutting maneuver.
The two landing maneuvers are taught in sequence to learn proper heading technique. Players
progress from a static jump header to a dynamic moving header maneuver. The jump header®® is
a stationary maneuver for players to focus on header technique. The moving header maneuver®
is performed similar to the jump header, but includes a three step approach. Typically, a coach or
teammate tosses the soccer ball towards the player and the player jumps and heads the ball back.
Tossing the ball introduces variability which can be reduced by hanging the ball from a string.
The cutting maneuver selected was a slalom course.* A slalom course is a timed event that
consists of sprinting and cutting between cones as fast as possible. Eils et al.% developed a
slalom course using three side-step cuts with each leg. Participants began at a starting line,

sprinted to a cone where a side-step cutting maneuver was performed, and continued through the
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course performing cuts at each cone. These soccer-specific field maneuvers are game-like
training exercises used by soccer coaches and are familiar to players. Furthermore, these
maneuvers incorporate the most prevalent mechanisms of non-contact ankle sprain injuries.

The purpose of this study was to identify laboratory maneuvers that elicit game-like
demands. Ankle joint kinematics collected in the field were compared to ankle joint kinematics
collected in the laboratory during athletic maneuvers of varied demand. It was hypothesized that
ankle joint kinematics would be similar between the landing phase of the jump header and drop
landing maneuver at a platform height of 20 cm, between the landing phase of the moving header
and stop jump at 40% of the participant’s height, and between the cutting phase of the slalom

course and jump-stop cutting maneuver at 40% of the participant’s height.
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Table 14. Review of drop landing maneuver. Age reported in mean (SD). (-) denotes information was not provided.

Author Gender Age (years) Population Legs Platform Height (cm) Platform Distance (cm)

Santello et al., 2001°7 Male (n=7) All: 21.2 (1.1)  Physically active students  Two 20, 40, 60, 80 -
Female (n=1)

Huston et al., 2001% Male (n=10) All: 28 (5) Not provided Two 20, 40, 60 -
Female (n=10)

Lephart et al., 200283 Male (n=15) M:21.3(1.6) M: recreational athletes  One 20 11
Female (n=15) F:19.3(1.2) F: NCAA DI athletes

Decker et al., 2003*° Male (n=12) M: 28.3(3.9) Recreational athletes Two 60 -
Female (n=9) F:26.4 (4.5)

Kernozek et al., 200582 Male (n=15) M:24.5(2.3) Recreational athletes Two 60 -
Female (n=15) F:23.6(1.8)

Blackburn & Padua, 2008°> Male (n=20) All: 21.5(1.9)  Physically active Two 60 -
Female (n=20)

Sell et al., 2010% Male (n=70) 28.8(7.1) Soldiers Two 50 -

Tran et al., 2010%3 Male (n=6) - - Two 30, 40, 50 -
Female (n=4)

97



Table 15. Review of drop jump maneuver. Age reported in mean (SD). (-) denotes information was not provided.

Platform Height Platform Distance Jump
Author Gender Age (years) Population Legs (cm) (cm) Direction
Hewett et al., 2005%° Female 16.1(1.7) Soccer, basketball, and volleyball Two 31 - Max vertical
(n=205)
Moran & Marshall, 2006 Male (n=15) 21.4 (1.5) Physically active Two 30, 50 - Max vertical
Mclean et al., 20078¢ Male (n=39) M: 20.7 (1.3) NCAA DI basketball, soccer, and Two 50 - Max vertical
Female (n=39) F:20.8(0.8) volleyball
Chappell & Limpivasti, 2008%* Female (n=33) 19.0(1.2) NCAA DI basketball and soccer Two 31 - Max vertical
Moran et al., 200910 Female (n=15) 20.9(1.1) Competitive soccer Two 15, 30, 45 - Max vertical
Shultz et al., 2009102 Male (n=39) M: 22.6 (2.6) Not provided Two 45 10 Max vertical
Female (n=39) F:22.2(2.9)
Ford et al., 201074 Male (n=50) Range of Competitive sports Two 31 - Max vertical
Female mean
(n=265) ages: 12.3-
16.1
Dowling et al., 2011%° Male (n=20) 26.9 (4.3) Recreational athletes Two 36 - Max vertical

Female (n=18)
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Table 16. Review of stop jump maneuver. Age reported in mean (SD). (-) denotes information was not provided.

Author Gender Age (years) Population Approach Landing Takeoff Jump Direction

Chappell et al., 200287  Male (n=10) M:23.4(1.1) Recreational athlete Upto3steps Two-footed Two-footed Forward, vertical, backward
Female (n=10) F:21.0(1.7)

Yu et al., 2004103 Male (n=12) M: 26 (2.5) Recreational athlete Upto5steps Two-footed Two-footed Vertical
Female (n=12) F:26.0(2.6)

Chappell et la., 2005%*  Male (n=10) M: 23.7 (0.8) Recreational athlete 3 steps Two-footed Two-footed Forward, vertical, backward
Female (n=10) F:21.7 (2.1)

Yu et al., 2005% Male (n=30) Range 11-16  Recreational soccer 4 steps Two-footed Two-footed Vertical
Female (n=30)

Yu et al., 2006%° Male (n=30) M:22.4 (1.6) College students Upto 5steps Two-footed Two-footed Vertical
Female (n=30) F:22.1(1.4)

Sell et al., 200688 Male (n=18) M: 16.4 (1.4) High school basketball 40% of height Two-footed Two-footed Vertical, left, right
Female (n=17) F:15.9(1.1)

Chappell et al., 2007%%  Male (n=17) M:22.6 (2.2) Recreational athlete 2-to 3-steps  Two-footed Two-footed Vertical
Female (n=19) F:22.3(2.2)

Sell et al., 200717 Male (n=19) M: 16.3 (1.5) High school basketball 40% of height Two-footed Two-footed Vertical
Female (n=17) F:15.9(1.1)

Herman et al., 20081%  Female (n=66) - Recreational athlete 4 steps Two-footed Two-footed Vertical

Intervention (n=39)
Control (n=35)
Wang et al., 2011109 Male (n=10) 21.1(2.2) Elite university volleyball  Upto 3 steps Two-footed Two-footed Vertical
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Table 17. Review of side-step cut maneuvers. Age reported in mean (SD). (-) denotes information was not provided.

Approach Distance Approach Speed Cut Angle
Author Gender Age Population (m) (m/s) (*) Post Cut Instructions
MecLean et al., 199912 Male (n=16) M: 19.4 (2.2) High performance athletes - 5.5-7.0 35-60 -
Female (n=14) F:19.1(1.8)
Simonsen et al., 2000'**  Female (n=6) 21 (18-23) Elite handball 2 steps Run - -
Colby et al., 200013 Male (n=9) All: 22.2 (1.7) Recreational athlete 8.0 3/4 game speed 45 -
Female (n=6)
Besier et al. 2001119115 Male (n=11) 21.3 (3.4) Soccer - 3.0 30, 60 -
Besier et al. 200316
McLean et al., 200417 Male (n=8) M: 21.4 (3.2) - 3.0 4.5-55 30-40 -
Female (n=8) F:23.3(3.8)
Meclean et al., 2004°* Male (n=10) M: 20.2 (1.9) NCAA DI basketball 3.0 4.5-5.5 30-40 -
Female (n=10) F:21.1(3.0)
Pollard et al., 2004118 Male (n=12) M: 19.7 (1.5) Collegiate soccer - 5.5-6.5 45 4.5-5.5 m/s exit speed
Female (n=12) F:19.3(1.1)
Ford et al., 2005%° Male (n=54) M: 14.5(2.2) Middle and high school 0.4 Jump 45 Run past marker 2.5m
Female (n=72) F:14.3(1.9) basketball away
Meclean et al., 20051° Male (n=10) M: 20.2 (1.9) NCAA DI basketball - 4.5-5.5 35-55 ~5 steps required after
Female (n=10) F:21.1(3.0) cut
Sigward et al., 2006'%! Male (n=15) M: 19.6 (1.9) NCAA DI/DIl soccer 5.0 5.5-7.0 45 -
Pollard et al., 200722 Female (n=15)  F:19.4 (1.5)
Dayakidis et al., 2006  Male Greek Division 2 or 3 7.0 5.0(0.2) 45 -
FAI (n=15) FAI: 25.0 (5.0)  basketball
Control CTRL: 23.9
(n=15) (3.8)
Beaulieu et al., 2008'2  Male (n=15) F:21.1(3.6) Elite soccer 4.0-5.0 45 -
Female (n=15) M:22.9(3.7)

100



Table 17. Continued

Approach Approach Cut Post Cut
Author Gender Age Population Distance (m) Speed (m/s) Angle (°) Instructions
Hanson et al., 2008124 Male (n=20) M: 19.4 (1.4) NCAA DI soccer 3.0 3.0 60 -
Female (n=20) F:19.8 (1.1)
Fedie et al., 201026 Male (n=19) M:19.9 (1.6) NCAA DIl basketball - 4.5 35-60 -
Female (n=19) F:20.7 (1.8)
Dowling et al., 2010 Male (n=11) All: 23.6 (2.7) Recreational athlete - Run 30 -
Female (n=11)
DiStefano et al., 2011%%7 Male (n=38) All: 10 (1.0) Youth soccer Box* - 60 Run 2-3m
Female (n=27)
Kristianslund et al., 2012128 Female (n=123) 22.5(7.0) Norwegian Division 6.0 - 30 Run
1 Handball
Sigward et al., 2012°? Male (n=76) Range: 9-23 Club or collegiate 7.0 4-5.5 45 -
Female (n=80) soccer
Stearns and Pollard., 2013130 Female Soccer 5.0 5.5-7.0 45 -
ACLR (n=12) ACLR: 23.7 (1.9)
Control (n=12) Control: 21.3
(1.2)
Miranda et al., 2013'%° Control (n=10, Control: 25.2 Recreational athlete ~1.0 Jump 45 Jog past marker
5M/5F) (1.6) 2.5 m away
ACLR (n=10, ACLR: 27.0 (1.7)
4AM/6F)

* 30 cm box placed 50% of participants height from edge for force platform
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42  METHODS

4.2.1 Participants

Fourteen healthy male soccer players were recruited and enrolled in the study. Inclusion criteria
for participants were no history of injury or joint instability of the ankle. Additionally, all
participants engaged in organized, competitive soccer matches a minimum of once a week and
participated in physical activity for a minimum of 30 minutes, 3 times per week. Participants
were excluded if they had a recent (3 months) lower extremity musculoskeletal injury that could
affect their performance of the maneuvers, history of an allergy to adhesive tape, major
ligamentous injury or surgery of the knee or ankle, concussion or mild head injury within the
previous year, or any neurological, balance, metabolic, cardiovascular, or pulmonary disorder.
Data was lost for two participants. Therefore, data from 12 healthy male soccer players were

used for analysis (age = 26.3 £ 4.1 years, height = 178.3 + 7.2 cm, mass = 78.5 + 7.0 kg).

4.2.2 Subject Recruitment

Subjects were recruited using flyers posted throughout the Universities of the greater Pittsburgh
region. Subjects that telephoned in response to the recruitment flyers were screened for
inclusion-exclusion criteria. Those eligible for the study were enrolled into the study and
scheduled for testing. Written informed consent approved by the University of Pittsburgh

Institutional Review Board was obtained prior to participation.
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4.2.3 Instrumentation

Soccer turf shoes and shin guards were instrumented with magnetic angular rate and gravity
sensors (MARG). The MARGs contained a 3D linear accelerometer (8 g), 3D angular rate
sensor (gyroscope) (*2000 °s?), and 3D magnetometer (#8.1 G) to measure ankle joint
kinematics at 256 Hz (x-IMU, x-io Technologies Limited, United Kingdom). The MARGSs were
integrated into the soccer equipment and ankle joint kinematics were collected data at 256 Hz. A
Vertec Vertical Jump tester (Sports Imports, Columbus, OH, USA) was used to measure vertical

jump height.

4.2.4 Procedures

4.2.4.1 Laboratory Testing
Participants performed a five minute warm-up on a stationary bicycle at a self-selected pace and
then performed a maximum vertical jump test. Standing reach height was measured with
participants reaching the highest point with their feet flat on the ground. Three maximal two-
footed jumps were performed and the highest point reached was measured. Maximum vertical
jump height was calculated as the difference between the maximum height reached and the
standing reach height. Maximum vertical jump height was used to determine the soccer ball
height during the jJump header and moving header maneuvers in the field. Soccer ball height was
50% of the participant’s maximum vertical jump height.®

Participants then performed the athletic maneuvers of varied demand: drop landing; drop
jump; stop jump; and jump-stop cut maneuver (Figure 22, Chapter 3). The drop landing

maneuver (Figure 22a, Chapter 3) was performed from 20, 40, and 60 cm platforms. Participants
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dropped with both feet and landed on the ground with both feet. The drop jump maneuver
(Figure 22b, Chapter 3) was the same as the drop landing maneuver, except participants
performed a maximal vertical jump immediately after the landing. The stop-jump maneuver
(Figure 22c, Chapter 3) was a two-footed jump from 20, 40, and 60% of the participant’s height
to a marked landing location. Immediately after landing with both feet, participants performed a
two-footed vertical jump for maximum height. The jump-stop cut maneuver (Figure 22b,
Chapter 3) was a 2-footed jump from 20, 40, and 60% of the participant’s height to a marked
landing location, followed by a one-footed 45° cutting maneuver and run past a cone placed 2.5
m away. Limb dominance was determined by asking participants which leg they used to
maximally kick a ball. All maneuvers were described and demonstrated prior to data collection.
Participants were allowed to perform practices trials and three trials were collected for data

analysis. Participants rested for 60 seconds in between maneuvers and trials to prevent fatigue.

4.2.4.2 Field Testing

Ankle joint kinematics were collected during three soccer-specific maneuvers in the field: jump
header; moving header; and slalom course (Figure 23, Chapter 3). For header maneuvers,
participants were provided instructions on header technigue. Participants were asked to maintain
a stiff neck by keeping their neck muscles tight and to bend at the waist when striking the ball.
Prior to striking the ball, participants extended the torso backward and then flexed the torso
forwards to strike the ball. No instructions were provided on landing technique. For the jump
header maneuver®® (Figure 23a, Chapter 3), participants performed a vertical jump, struck the
ball with their forehead, and landed with both feet. The landing phase of this maneuver was used
for analysis. For the moving header maneuver®® (Figure 23b, Chapter 3), participants took three

forward steps, jumped vertically, struck the ball with their forehead, and landed with both feet.
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The landing phase prior to striking the ball was used for analysis. The slalom course® (Figures
23c & 24, Chapter 3) was setup using three cones. The first cone was the start line, the second
cone was the location of the plant-and-cut maneuver, and third cone was the finish line.
Participants sprinted from the start line to the second cone placed as shown in Figure 24, Chapter
3. Participants performed a plant-and-cut maneuver and sprinted to the finish line. The plant-and-
cut maneuver was used for analysis. Participants performed practices trials and three trials were
collected for data analysis. Participants rested for 60 seconds in between maneuvers and trials to

prevent fatigue.

4.25 Data Reduction

Data from the two MARGSs were synchronized using a trigger. The trigger was a programmable
microcontroller that produced a synchronization pulse of two square waves at 1 Hz. The
synchronization pulse was recorded with the auxiliary port (analog-in) of the MARGs. After data
collection, data were synchronized by aligning the pulses.

Ankle joint kinematics were calculated using a functional approach® and is detailed in
Chapter 3. Briefly, orientation of both MARGs was calculated using the gradient descent
algorithm.%” After the instrumented equipment was attached to the participant, a static calibration
pose (T-pose) was used to determine initial sensor-to-sensor orientation and was followed by
dynamic calibration motions. Dynamic calibration motions were used to establish an orientation
matrix to transform from the MARG?’s coordinate system to the segment’s anatomical coordinate
system.3* Three dynamic calibration motions were performed: whole body rotation; heel lifts;

and squat. Orientation of the foot anatomical matrix with respect to the tibia anatomical matrix
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was calculated for each time point. Euler angle decomposition** was then used to calculate joint
angles.

Initial contact was identified using linear accelerations measured with the foot
accelerometer. This method is detailed in Chapter 3 and was based on a previously defined
method.%® The local minimum of the vertical acceleration that occurred after the ankle began to
move into dorsiflexion estimated initial contact. Plantar flexion at initial contact, peak
dorsiflexion during the landing phase, and angular displacement in the sagittal plane were

identified using a custom Matlab script.

4.2.6 Statistical Analysis

Normality of dependent variables was assessed using the Shapiro-Wilk test. Data were not
normally distributed therefore nonparametric tests were used. The related-samples Friedman
one-way analysis of variance by ranks test was used to compare field and laboratory ankle joint
kinematic data. The independent variable was experimental condition and had four levels: field;
demand 1; demand 2; and demand 3 (Table 18). Dependent variables were plantar flexion angles
at initial contact, peak angle during the landing or cutting phase, and overall angular
displacement during the landing or cutting phase (Table 18). Post-hoc analyses were performed
as necessary using the Wilcoxon signed-ranks test. Alpha was set at 0.05 for all statistical

analyses. All statistical analyses were performed using IBM SPSS Statistics, Version 20.
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Table 18. Independent and dependent variables for the drop landing maneuver

Field Laboratory
Dependent Variable Jump Header 20cm 40cm 60cm
Plantar flexion at initial contact
Peak dorsiflexion
Time-to-peak plantar flexion
Sagittal plane angular displacement

43 RESULTS

Representative data for laboratory and field maneuvers are provided in Appendix B.

4.3.1 Drop Landing Maneuver

The analysis of variance identified significant differences for plantar flexion at initial contact,
peak dorsiflexion, and angular displacement (p < 0.001, Table 19). The post-hoc analysis
identified significant differences between platform height and the jump header maneuver. Plantar
flexion at initial contact was significantly less for 20 and 40 cm (p < 0.015) as compared to the
jump header, and 60 cm was similar (p = 0.239, Figure 28a). Peak dorsiflexion was significantly
less for 20 cm (p = 0.019) and similar for 40 and 60 cm (p > 0.136), Figure 28b). Angular
displacement in the sagittal plane was significantly less for 20 and 40 cm (p < 0.012) and was
similar for 60 cm (p = 0.754, Figure 28d). No significant differences were identified for time-to-
peak dorsiflexion (p = 0.150).

The post-hoc analysis also identified significant differences between platform heights
(Table 20). Plantar flexion at initial contact significantly increased with platform height with

significant differences between all heights (p < 0.012, Figure 28a). Peak dorsiflexion

107



significantly increased with platform height with significant increases between 20 and 40 cm (p
= 0.003) and between 20 and 60 cm (p = 0.005, Figure 28b). Angular displacement increased

with platform height and was significant between all platform heights (p < 0.006, Figure 28d).

4.3.2 Drop Jump Maneuver

Significant differences were identified for plantar flexion at initial contact, peak dorsiflexion, and
time-to-peak dorsiflexion (p < 0.027, Table 19). Plantar flexion at initial contact was
significantly less for drop jumps at 20 and 40 cm (p < 0.005) and was similar to the jump header
for 60 cm (p = 0.117, Figure 29a). Peak dorsiflexion was significantly greater for all drop jumps
as compared to the jump header (p < 0.041, Figure 29b). Time-to-peak dorsiflexion was
significantly greater for 20 and 40 cm (p < 0.012) and was similar for 60 cm (p = 0.255, Figure
29c). No significant differences were identified for angular displacement (p = 0.107).

Similar to the drop landing maneuver, plantar flexion at initial contact significantly
increased with platform height with significant differences between all heights (p < 0.002, Figure
29a). Time-to-peak dorsiflexion significantly decreased with platform height between 20 and 60
cm (p = 0.023, Figure 29c). Platform height had no effect on peak dorsiflexion or angular

displacement.

4.3.3 Stop Jump Maneuver

Significant differences between the stop jump and moving header maneuver were identified for
time-to-peak dorsiflexion and angular displacement (p < 0.004, Table 19 and Figure 30). Time-

to-peak dorsiflexion was significantly greater for all stop jump distances (p < 0.006) as compared
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to the moving header maneuver (Figure 30c). Angular displacement was significantly less at 40
and 60% jump distances (p < 0.019) and was similar at 20% (p = 0.136, Figure 30d).

The post-hoc analysis identified one significant difference with increased jump distance.
Angular displacement in the sagittal plane significantly decreased between 20 and 40% jump
distances (p = 0.028, Figure 30d). Jump distance had no effect on plantar flexion at initial

contact, peak dorsiflexion, or time-to-peak dorsiflexion.

4.3.4 Jump-Stop Cut Maneuver

Comparisons between slalom and jump-stop cut maneuvers were not performed because the
kinematics collected during the slalom course were erroneous and could not be used for data
analysis. Participants sprinted to a cone and then performed a plant-and-cut maneuver on the test

leg. The preceding sprint caused data to drift and was likely due to the sensor fusion algorithm.
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Table 19. Ankle joint kinematics for field and laboratory maneuvers (n = 12). Field data was compared to laboratory data of varied demand using the related-

sample Friedman two-way analysis of variance and Wilcoxon signed-ranks test (Post-Hoc) as necessary.

Drop landing Post-Hoc*
Dependent Variable Jump Header 20 cm 40 cm 60 cm p-value 20cm  40cm  60cm
Plantar flexion at initial contact (°) 198 + 3.1 119 + 6.3 168 + 53 184 + 53 <0.001 0.003 0.015 0.239
Peak dorsiflexion (°) 210 + 27 176 + 3.7 21.7 + 39 228 + 338 0.001 0.019 0.480 0.136
Time-to-peak dorsiflexion (s) 014 + 004 016 + 009 019 + 006 020 <+ 0.07 0.150 - - -
Sagittal angular displacement (°) 408 + 3.7 295 + 5.7 385 + 5.3 412 + 6.6 <£0.001 0.002 0.012 0.754
Drop jump Post-Hoc
Dependent Variable Jump Header 20 cm 40 cm 60 cm p-value 20cm  40cm  60cm
Plantar flexion at initial contact (°) 198 + 3.1 7.1 + 6.0 153 + 6.1 177 + 6.0 <0.001 0.002 0.005 0.117
Peak dorsiflexion (°) 21.0 + 27 231 + 4.0 236 + 33 239 + 3.8 0.010 0.041 0.023 0.041
Time-to-peak dorsiflexion (s) 014 + 004 023 + 009 020 + 0.06 0.18 + 0.08 0.027 0.012 0.005 0.255
Sagittal angular displacement (°) 408 + 3.7 416 + 170 474 + 141 467 + 112 0.107 - - -
Stop jump Post-Hoc
Dependent Variable Moving Header 20% 40% 60% p-value 20% 40% 60%
Plantar flexion at initial contact (°) 0.9 + 6.0 1.7 + 6.3 4.3 + 9.1 4.0 + 74 0.296 - - -
Peak dorsiflexion (°) 191 + 64 230 + 28 225 + 27 216 + 26 0.098 - - -
Time-to-peak dorsiflexion (s) 014 + 004 021 + 004 022 + 005 023 + 0.05 0.002 0.006 0.006 0.003
Sagittal angular displacement (°) 56.7 + 6.0 503 + 13.7 440 + 142 456 + 143 0.004 0.136 0.012 0.019

Significant findings are bolded
* Post-hoc comparison to field data
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Table 20. Effect of platform height and jump distance on dependent variables

Drop landing Friedman 20-40 20-60 40-60
Plantar flexion at initial contact (°) £0.001  0.002 0.002 0.012
Peak dorsiflexion (°) 0.001 0.003 0.005 0.084
Time-to-peak dorsiflexion (s) 0.150 - - -

Sagittal angular displacement (°) <0.001 0.002 0.002 0.006

Drop jump Friedman 20-40 20-60 40-60
Plantar flexion at initial contact (°) <0.001  0.002 0.002 0.002
Peak dorsiflexion (°) 0.010 0.480 0.347 0.433
Time-to-peak dorsiflexion (s) 0.027 0.239 0.023 0.388
Sagittal angular displacement (°) 0.107 - - -

Stop jump Friedman 20-40 20-60 40-60
Plantar flexion at initial contact (°) 0.296 - - -

Peak dorsiflexion (°) 0.098 - - -

Time-to-peak dorsiflexion (s) 0.002 0.108 0.092 0.505
Sagittal angular displacement (°) 0.004  0.028 0.117 0.695

Significant findings are bolded
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Figure 28. Comparison between jump header and drop landing maneuvers. (a) Plantar flexion angle at initial
contact, (b) Peak dorsiflexion angle during landing phase, (c) Time-to-peak dorsiflexion angle, (d) Angular
displacement during maneuver. * Significant difference as compared to jump header, significant difference between:

120 cm and 40 cm, $ 20 cm and 60 cm, ~ 40 cm and 60 cm
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Figure 29. Comparison between jump header and drop jump maneuvers. (a) Plantar flexion angle at initial contact,
(b) Peak dorsiflexion angle during landing phase, (c) Time-to-peak dorsiflexion angle, (d) Angular displacement
during maneuver. * Significant difference as compared to jump header, significant difference between: T 20 cm and
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Figure 30. Comparison between moving header and stop jump maneuvers. (a) Plantar flexion angle at initial
contact, (b) Peak dorsiflexion angle during landing phase, (c) Time-to-peak dorsiflexion angle, (d) Angular
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44  DISCUSSION

The purpose of this study was to identify laboratory maneuvers that elicit game-like demands.
Ankle joint kinematics collected in the field were compared to ankle joint kinematics collected in
the laboratory during athletic maneuvers of varied demand. It was hypothesized that ankle joint
kinematics would be similar between the landing phase of the jump header and drop landing
maneuver at a platform height of 20 cm, between the landing phase of the moving header and
stop jump at 40% of the participant’s height, and between the cutting phase of the slalom course
and jump-stop cutting maneuver at 40% of the participant’s height. Drop landing and drop jump
maneuvers from a platform height of 60 cm elicited a similar response to the jump header field
maneuver. A jump distance recommendation for the stop jump and jump-stop cut maneuvers was
not warranted. Increased jump distance did not significantly alter landing biomechanics for the
stop jump maneuver and slalom field data was not able to be processed. The instrumented
equipment allowed this study to be the first to compare human kinematic data collecting in the
laboratory and field.

Similarities were identified between the jump header and drop landing from the 60 cm
platform height for all variables: plantar flexion at initial contact; peak dorsiflexion; time-to-peak
dorsiflexion; and angular displacement in the sagittal plane. Significant differences were
identified for the 20 cm platform height for all variables except time-to-peak dorsiflexion, and
results for 40 cm were mixed. These results do not support the hypothesis that the drop landing
maneuver from the 20 cm platform height and jump header maneuver are similar. Instead, the
results suggest the 60 cm platform height should be used to simulate a soccer-specific jump

header maneuver.
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Plantar flexion at initial contact and peak dorsiflexion increased significantly with
platform height. Santello et al.*” found no significant differences in plantar flexion at initial
contact or peak dorsiflexion with platform height. These differences are likely because the
participants of Santello et al.®” performed the landing barefoot as compared to shod in this study.
Dropping barefoot from an elevated platform height may result in a protective mechanism to
reduce foot pain. Previous studies have found kinematic'® and kinetic!3 differences in landing
biomechanics when landing barefoot as compared to shod. Time-to-peak dorsiflexion increased
with platform height, but no significant differences were identified which are similar to previous
results.”” Three studies were identified that used multiple platform heights for the drop landing
maneuver, but only Santello et al.®” reported ankle joint kinematics. Huston et al.*® reported
changes in knee kinematics and Tran et al.*® reported changes in tibial accelerations and ground
reaction forces.

The drop jump from the 60 cm platform and jump header resulted in similar plantar
flexion at initial contact, time-to-peak dorsiflexion, and angular displacement. Jump header peak
dorsiflexion was significantly different from all platform heights. Similar to the drop landing,
drop jumps from a 60 cm platform height elicited a similar demand as the jump header
maneuver. Ankle joint kinematics during the drop jump maneuver were similar to those reported
by McLean et al.? at a 50 cm platform height.

Comparing drop landing and drop jump maneuvers results from this study reveals that
plantar flexion at initial contact was similar between maneuvers and increased significantly with
platform height. However, all other variables responded differently. Peak dorsiflexion and
angular displacement both increased significantly with platform height for the drop landing, but

did not change for the drop jump. For the drop jump, it appears that participants performed the
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maximum vertical jump the same regardless of platform height. Conversely, participants
attenuated the impact for drop landings as shown with increased peak dorsiflexion and angular
displacement. Time-to-peak dorsiflexion was similar for the drop landing and significantly
decreased for the drop jump. While time-to-peak decreased significantly, a decrease of 5 ms (23
vs 18 ms) may not be clinically significant.

Few significant differences were identified between the stop jump and moving header
maneuver. Time-to-peak dorsiflexion was significantly greater in the laboratory for all jump
distances and angular displacement was significantly less at 40 and 60% jump distances. Plantar
flexion at initial contact and peak dorsiflexion were similar across all jump distances. These
results did not support the hypothesis of the stop jump at 40% jump distance elicited a similar
demand as the moving header. The post-hoc analysis revealed that jump distance did not
significantly alter ankle joint kinematics. The only significant finding was a significant decrease
in angular displacement between 20 and 40% jump distances. The lack of significant differences
between jump distances suggests that increased jump distance did not change the demand
required by the participants to perform the maneuver. Increased jump distance was expected to
significantly alter ankle biomechanics because Sell et al.**® identified that peak posterior ground
reaction forces increased significantly with jump distance. Participants performed a stop jump
maneuver at jump distances of 20, 40, 60, and 80% of the participant’s height, but joint
kinematics were not reported. Therefore, a recommendation for jump distance to elicit demands
similar to the moving header cannot be made. Based on feedback from participants, the 20%
jump distance was awkward and most preferred the 40% jump distance.

The instrumented soccer equipment allowed ankle joint kinematics to be compared

between field and laboratory maneuvers. Drop landing and drop jump maneuvers from a 60 cm
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platform elicited a similar response to the jump header maneuver. A jump distance
recommendation for the stop jump maneuver is not warranted because jump distance did not

significantly alter landing biomechanics for the stop jump maneuver.
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5.0 LIMITATIONS

Limitations of this study include motion artifact, different methods of initial contact estimation,
erroneous slalom data, and the lack of altered landing biomechanics with increased jump
distance for the stop jump maneuver. Motion artifact and initial contact estimation may have
affected ankle joint kinematic data measured using the instrumented equipment. Erroneous
slalom data and the lack of altered landing biomechanics for the stop jump maneuver were
unexpected and did not allow comparisons to be made between laboratory and field data.

Motion artifact is common in human movement motion analysis** 1** and the greater
size of the inertial sensors as compared to retro-reflective markers may have introduced
additional motion artifact. To reduce motion artifact in this study, the tibia MARG was secured
to the medial surface of the tibia with a double-sided adhesive disc. The medial surface of the
tibia provided a flat surface with minimal soft tissue. The shin guard was placed over the MARG
and both were secured to the leg with a knee-high soccer sock, elastic strap, and underwrap. The
shin guards were designed to have ample space so to not contact the MARG during data
collection. However, there was a possibility that movement of the shin guard may have
introduced artifact into the signal. The foot MARG was placed into the sole of the soccer turf
shoe. The insole was placed over the MARG and then participants put on the shoes. When
participants wore the instrumented turf shoe the foot MARG could be felt under their arch, but

did not limit their performance. While the weight of the participants was expected to keep the

119



MARG in place, there was a possibility that artifact could be introduced into the signal if the
MARG popped out of the sole of the shoe. Participants did not mentioned movement of shin
guards or MARGs during data collection. There was a possibility that motion artifact introduced
errors into the orientation measurement of the MARG and ultimately affected ankle joint
kinematic measurements. In Chapter 2, angles at initial contact resulted in better reliability
measures as compared to peak angle and angular displacement. The impact at landing may have
introduced motion artifact and may explain the lower reliability measures.

Initial contact of the foot with the ground was estimated differently for the instrumented
equipment and video-based motion analysis system. Both algorithms were based on previously
defined methods and used linear acceleration. The instrumented equipment used the change in
linear acceleration of the foot MARG and the video-based motion analysis system used the
change in linear acceleration of marker trajectories. It is possible the systems identified different
initial contacts which would have affected the time point for joint kinematics and resulted in
different angles.

The slalom maneuver was selected because it is commonly used by soccer players to
increase speed and agility. Unfortunately, consistent measurements of ankle joint kinematics
were not obtained. Participants sprinted to a cone and then performed a plant-and-cut maneuver
on the test leg. The preceding sprint caused data to drift and was likely due to the sensor fusion
algorithm. The gradient descent algorithm does not utilize zero-velocity updates.®” Zero-velocity
detecting algorithms have been used in gait studies to identify when the sensor is stationary’® and
may have allowed for better slalom data. Without slalom data, a recommendation of a jump

distance that elicited a game-like demand for the jump-stop cut maneuver was not possible.
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Increased jump distance for the stop jump maneuver did not significantly alter ankle joint
kinematics. The post-hoc analysis identified one significant difference which was a decrease in
angular displacement between 20% and 40% jump distances. The lack of significant differences
suggests that jump distance did not change the demand required by the participants to perform
the maneuver. No previous studies were identified that performed the stop jump maneuver using
different approaches. Increased jump distance was expected to significantly alter ankle
biomechanics because Sell et al.** found that peak posterior ground reaction forces increased
significantly with jump distance; joint kinematics were not reported in the study. Similar results
across jump distance did not allow a recommendation of a jump distance that elicited a game-

like demand for the stop jump maneuver.
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6.0 CONCLUSIONS AND FUTURE WORK

Instrumented soccer equipment was development (Chapter 2) and used to collect ankle joint
kinematics in the laboratory and in the field. The instrumented equipment collected reliable and
valid ankle joint kinematics in the sagittal plane during common sports medicine laboratory
maneuvers and soccer-specific field maneuvers (Chapter 3). Drop landing and drop jump
maneuvers resulted in poor to excellent reliability and very good to excellent validity. The stop
jump maneuver resulted in poor to fair reliability and excellent validity. The reduced reliability
measures are likely due to the changes in ankle landing strategy between trials and/or sessions.”
The jump-stop cut maneuver resulted in poor to excellent reliability and very good validity.
Soccer-specific field maneuvers resulted with poor to good reliability.

Few studies were available that assessed reliability and validity for inertial based motion
analysis systems to measure ankle joint kinematics. Of the studies identified, none performed
athletic maneuvers such as running, jumping, or landing. Furthermore, few reliability and
validity studies using video-based motion analysis systems reported ankle joint kinematics.
Injury prevention research has focused on knee and hip biomechanics and ankle biomechanics
are rarely reported. As a distal joint to the knee, the ankle is an important link the kinetic chain.
Akins et al.” found that the ankle landing strategy during the stop jump maneuver altered knee

joint resultant forces. Individuals landing in plantar flexion had increased proximal tibia anterior
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shear force, which is a direct loading mechanism of the anterior cruciate ligament.X” Future
research should measure and report ankle joint kinematics.

To the author’s knowledge, this was the first human kinematic study to use the Sprague
and Geers metric for validity. The main benefit of this metric is that magnitude and phase are
quantified independently and then combined into a single score (Cs&c). Based on the results of
this study, Csac Vvalues less than 0.30 resulted in valid and accurate measures. More research
using this metric as a validation tool for human motion analysis is needed, but appears
promising.

The instrumented soccer equipment allowed ankle joint kinematics to be compared
between laboratory and field maneuvers (Chapter 4). The results provided justification for
selecting platform heights for drop landing and drop jump maneuvers, but not jump distances for
stop jump and jump-stop cut maneuvers. Drop landing and drop jump maneuvers from a
platform height of 60 cm elicited a similar response to the jump header field maneuver. A jump
distance recommendation for the stop jump and jump-stop cut maneuvers was not warranted.
Increased jump distance did not significantly alter landing biomechanics for the stop jump
maneuver and slalom field data were not able to be processed.

Future research should investigate alternate sensor fusion algorithms to improve
kinematic measurements. The gradient descent algorithm was selected for this study because it
was developed specifically with the x-IMU device and performed better than a Kalman-based
algorithm.®” However, this algorithm did not perform well for the slalom maneuver. Improved
algorithms may allow the instrumented equipment to collect real-time athlete data during

competitive soccer matches and possibly record an actual injury event.
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The instrumented equipment could be used in future studies as a field-friendly injury
prevention tool. Joint kinematics could be collected in the field during pre-season athlete
screenings. Biomechanical variables from the analysis could be used to prospectively identify
risk factors of ankle injuries. Electromyography could also be incorporated to measure muscle
activation patterns. The analog-in feature of the x-IMU’s auxiliary port would allow activation
patterns of four muscles to be measured. However, the maximum sampling frequency of the x-

IMU is 512 Hz and a minimum of 800-1000 Hz is recommended for electromyography.*
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APPENDIX A

CONFIRMATION OF FREQUENCY RESPONSE COMPUTATION

The frequency response of the MARG resulted in a typical first-order magnitude response and an
atypical phase lead response. Due to atypical phase response, the frequency response
computation was confirmed. White noise was used as the input signal and the output signal was
created by filtering the input signal with a low-pass filter. The results of the computation were
compared with the frequency response of the low-pass filter. The Matlab code used is provided
below.

The input signal was defined as array of 10,000 samples of white noise generated using
the randn Matlab function. A digital 1 order low-pass butterworth filter with a 10 Hz cut-off
frequency was designed and used to filter the input signal. The filtered signal was defined as the
output signal, both signals are plotted in Figure 31a. The frequency response computation was
used to create the magnitude and phase responses (Figure 31b). The frequency response of the
digital filter was also created using the freqz Matlab function and plotted with the calculated
responses (Figure 31b). The resulting frequency responses were very similar, confirming the

frequency response computation used in this study.
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Figure 31. Confirmation of frequency response computation. (a) White noise input signal and filtered output signals

(b) Calculated frequency response and digital filter frequency response
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% Confirmation of the frequency response computation
% Jon Akins

clear;clc

Fs = 1000; % Sampling frequency
wn = randn(10000,1); % input signal

% Time
(0:1/Fs: (length (wn)-1) /Fs)';

o
Il

% Filter input signal white noise data

Fc = 10;
[b,a] = butter(l, Fc/(Fs/2),'low'");
wnFilt = filter(b,a,wn); % output

% Freq response of filter
[H,W] = freqz(b,a,[],Fs);
% Plot of input and output signals
figure ()

plot (t,wn); hold on

plot (t,wnFilt, 'r")

legend ('Input Signal', 'Output Signal')
xlabel ('Time (s)', 'FontSize',14)

set (gca, 'FontSize', 14)

% Estimate transfer function using time series data
[EstH, EstF] = tfestimate(wn,wnFilt, []1,T[],[],Fs);

o)

% Plot of frequency responses

figure ()

subplot(2,1,1)

semilogx (EstF, 20*1logl0 (abs(EstH)), 'b-"', 'LineWidth', 2)

xlabel ('Frequency (Hz)','FontSize',14)

ylabel ('Magnitude (dB)', 'FontSize',14)

set (gca, 'FontSize', 14)

grid on; hold on

subplot(2,1,1); semilogx(W,20*1logl0(abs(H)),'r--", 'LineWidth',2);
legend ('Calculated Freg Response','Digital Filter Freq Response',...
'Location', 'SouthWest')

subplot(2,1,2)

semilogx (EstF, unwrap ((angle (EstH)))*180/pi, 'b-','LineWidth',2)

xlabel ('Frequency (Hz)','FontSize',14)

ylabel ('Phase (\circ)','FontSize',14)

set (gca, 'FontSize', 14)

ylim([-100 10017])

grid on; hold on

subplot(2,1,2); semilogx (W,unwrap ((angle(H)))*180/pi, 'r--", 'LineWidth',2);

legend('Calculated Freq Response','Digital Filter Freqg Response',...
'Location', 'SouthWest')
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APPENDIX B

REPRESENTATIVE DATA FOR LABORATORY AND FIELD MANEUVERS

Representative data for laboratory and field maneuvers are shown in Figures 32 — 38. The black
circles represent angles at initial contact, the magenta circles represent maximum angle during

the landing phase, and the cyan circles represent minimum angles during the landing phase.
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Figure 34. Representative stop jump data from 40% of the participant’s height
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40
. - |nst Equip
2 8,
= 20 Foene
Tt
P T e B e N A S e S
o=
£.20
a
-40
75 8 8.5 9 95 10 10.5 11
Time (s)
5
Inst Equip
HONL @
o c
]
[
@8 5
=
-10
75 8 9.5 10 10.5 il
~ 10
T = |nst Equip
—C 0
=2
EZ .10
s
£ —
g0
2
X
w
-30
7.5 8 8.5 9 9.5 10 10.5 11
Time (s)

Figure 36. Representative jump header data
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Figure 37. Representative moving header data
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