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Abstract

The incidence of anterior cruciate ligament (ACL) injury in athletes who play multidirectional
sports has increased over recent times. Female athletes are at a higher risk of sustaining the ACL
injury when compared to their male counterparts involved in the same sport. Various intrinsic
(anatomical and hormonal) and extrinsic (biomechanical) factors have been identified that
contribute to the increased risk of injury. Sex differences in the kinematics and kinetics of the
lower extremity between males and females have been identified while performing various
physical tasks has been a topic of discussion since a long time. While it’s difficult to control the
anatomical and hormonal factors, identifying and modifying the biomechanical factors that
contribute to the ACL injury is possible. Wearable sensors involving inertial measurement units
(IMUs) have been developed to monitor lower extremity motion and help in assistance with

rehabilitation.

The purpose of this study was to validate a set of wearable IMUs against a 3D motion analysis
system to monitor the lower extremity motion during jumps and runs in a laboratory and to
determine whether IMUs could be used to estimate ground reaction force at landing. An average
difference of 5°-10° for flexion, 4°-6° abduction and internal rotation was reported during jump
and run. The results of this study showed that correlation between ground reaction force and tibial
acceleration is poor when data from all the subjects were included together. However, the
correlation was improved when subjects were examined individually. A strong correlation was
observed between the resultant ground reaction force and the resultant tibial acceleration during

jumping and running between both the legs for the eight subjects when examined individually.

xii



CHAPTER 1: INTRODUCTION

In the United States approximately 20-30 million adolescents every year are injured playing sports
[29] [42] [92]. In multidirectional sports like soccer, basketball, wrestling and lacrosse injuries to
lower extremity are prevalent. Both men and women sustain sport related injuries at about same
rate but due to differences between the sexes, the mechanism of injury differs. Body composition,
physiology and kinematics differ throughout the growth cycle. The majority of sport related
injuries (80%) involve the musculoskeletal system [29] [2] [26] [4]. Musculoskeletal injuries are
injuries that affect the human body’s movement or the musculoskeletal system (i.e. muscles,
tendons, ligaments, nerves, discs, blood vessels). One of the most common injuries is a sprain or
tear of a ligament. Injuries related to the knee have become the most common cause of disability
in secondary athletes, representing up to 91% of season-ending injuries and 94% requiring surgery
[57]. Anterior cruciate ligament tear is the most common knee injury or ligament tear observed in
female athletes. In the United States, every year 20,000-80,000 high school female athletes injure
their ACL, with most resulting from soccer and basketball [57]. ACL injuries can occur directly,
due to contact or from a non-contact mechanism. Recent studies show that adolescent female
athletes are more likely to suffer a non-contact ACL injury than male counterparts [13]. The
incidence of anterior cruciate ligament (ACL) injury in female high school and collegiate athletes
is 2-8 times [109] [57] higher than in male athletes when comparing athletes in the same sport, and
the rate of ACL injury has also been reported to be increasing in recent years [36] [48] [9] [71]. It
has been estimated that every year at least one ACL tear is reported in every 50-70 female athletes
[11]. The Centers for Disease Control and prevention has stated that in the year 2006 more than
46,000 female athletes age 19 and younger have suffered due to ACL. The cost of ACL injury is
estimated to be in the area of $27,000-$35,000 for reconstruction [12]. In addition, studies have
shown that even after ACL reconstruction, patients are at an increased risk of early onset
osteoarthritis of the knee and female patients are more likely to injure the contralateral knee [58]
[14][101].
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Figure 1: ACL injury rate Male vs Female

Female patients were reported with worse outcomes than male patients before and at 1 and 2 years
after the reconstructive surgery. Multiple anatomic, hormonal [49] and biomechanical differences
in the female athlete have been identified as reasons for the gender disparity in ACL injuries. In
two studies it was found that there was a significant difference in kinematics of the lower
extremities between male and female athletes [105] [83]. While anatomical and hormonal factors
cannot be controlled, identifying and modifying biomechanical factors that contribute to ACL

injury or reducing exposure to severe loading cycles is possible.
jury g exp gcy p

The primary goal of this thesis was to validate a device which can accurately monitor knee
kinematics and kinetics during dynamic movements including an estimation of ground reaction
force, knee flexion and abduction angles using commercially available wearable device system
involving inertial measuring units (IMU). Data from the wearable IMUs were compared to an

optical motion capture tracking system and force plate.



CHAPTER 2: BACKGROUND

2.1 Anatomy and Physiology of the Lower Limb

The lower limb supports the body’s weight and helps in locomotion to maintain equilibrium. It is
divided into three regions-the thigh, leg (shank) and foot as shown (Fig 2). The portion of the lower
limb located between the hip joint and knee joint is the thigh containing the femur. The region
between the knee joint and the ankle joint is the leg containing the tibia (shin bones) and fibula.
The foot is distal to the ankle containing the tarsus (connects ankle and foot), metatarsus and

phalanges (toe bones) [96].

Figure 2: Bones of the Lower Limb [82]

The femur, also known as the thigh bone, is the longest, heaviest and strongest bone of the body.
It transmits the body weight from the hip bone to the tibia while a person is standing. It consists

of a shaft (body) and proximal and distal ends. The proximal end consists of the head, neck and



two trochanters. The femoral head is attached to the shaft by the neck of the femur at an angle of
115°-140°, averaging 126°. This angle varies with age and gender. The angle is more acute in
females due to increased width of lesser pelvis. The distal end of the femur consists of medial and

lateral bony expansions or femoral condyles [96].

The patella, also known as the knee cap, is the largest sesamoid bone of the body (Figure 2). A
sesamoid bone is a bone that is incorporated into the tendon of a muscle where that tendon crosses
a joint. This triangular-shaped bone articulates with the underlying bones preventing the damage

to the muscle tendon due to rubbing against the bones during movements of the joint [91].

The tibia, also known as the shin bone, is the medial bone of the lower leg and is larger than the
fibula, with which it is paired. It is the weight bearing bone of the lower leg and second longest
bone of the body (Figure 1). The tibia articulates with the femoral condyles superiorly, the talus
inferiorly, and laterally with the fibula at its proximal and distal ends. On the posterior side of the
tibia is located the soleal line, it forms the large bony bump found on the medial side of the ankle
region. The smooth surface on the inside of the medial malleolus and the smooth area at the distal

end of the tibia articulate with the talus bone of the foot as a part of the ankle joint [96].

The fibula is the slender bone located on the lateral side of the lower leg. It does not bear any
weight. It serves primarily for the muscle attachments and thus is largely surrounded by muscles.
At its distal ends, the fibula enlarges to form the lateral malleolus, which forms the easily palpated

bony bump on the lateral side of the ankle (Figure 2).

The foot comprises the ankle, heel, the tarsus, metatarsus, and phalanges. The ankle refers to the
region of the ankle joint. The skeleton of the foot consists of 7 tarsal, 5 metatarsal and 14 phalanges
[24]. The foot and its bones are divided into three parts: Hind foot: talus and calcaneus. Midfoot:
navicular, cuboid and cuneiform. Forefoot: metatarsals and phalanges. The calcaneus (heel bone)
is the largest and strongest bone in the foot. Most of the body’s weight is transmitted by the
calcaneus from the talus to the ground [27]. Metatarsus of the foot is formed by the five metatarsal
bones, which are located between the tarsal bones of the posterior foot and the phalanges of the
toes. These elongated bones are numbered 1-5 from the medial side of the foot. The toes contain a

total of 14 phalanx bone, they are numbered 1-5 starting from the big toe (hallux).



2.2 Joints of the lower limb
The joints of the lower limb are the hip joint, knee joint, tibiofibular joints, ankle joints and the

foot joint [53].

2.2.1 Hip Joint

The hip joint forms the connection between the lower limb and pelvic girdle. It is designed for
stability and also for a wide range of movement. The ligaments of hip joint are iliofemoral ligament
which prevents hyperextension of the hip joint during standing, the pubofemoral ligament tighten
during extension and abduction of hip joint. It also prevents over abduction of the hip joint.
Ischiofemoral ligament prevents hyper extension of the hip joint like the iliofemoral ligament. The
hip is considered a ball and socket joint that allows flexion-hyper extension, abduction-adduction,

medial-lateral rotation and circumduction.

2.2.2 Knee joint
The knee is a modified hinge type of synovial joint allowing flexion and extension and a small
degree of abduction/adduction and medial and lateral rotation [41]. The knee joint consists of two

articulations, lateral and medial articulations.

Antr:.\rior cruciate
ligament Posterior cruciate

ligament

Medial
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meniscus

meniscus

Medial collateral
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Figure 3: Knee Joint [55]

The stability of the knee joint depends on the strength and actions of surrounding muscles and their

tendons, and the ligaments connecting the femur and tibia [55]. The large quadriceps muscle is the



most important muscle in stabilizing the knee joint. The fibrous capsule of the knee joint is
strengthened by five extracapsular ligaments, patellar ligament, fibular collateral ligaments, tibial
collateral ligament, oblique popliteal ligament, arcuate popliteal ligament. The patellar ligament,
the distal part of the quadriceps tendon, is a strong, thick fibrous band passing from the apex and

adjoining margins of the patella to the tibial tuberosity.

There are four ligaments that provide stabilization to the knee. The collateral ligaments are two
strap like ligaments. They stabilize the hinge motion of the knee preventing excessive medial or
lateral movements. The medial collateral ligament is a strong flat band that extends from the medial
epicondyle of the femur to the medial condyle and superior part of the medial surface of the tibia
[82]. At its midpoint, the deep fibers of the medial collateral ligament are firmly attached to the
medial meniscus. The lateral collateral ligament is thinner and rounder than the medial collateral
which attaches proximally to the lateral epicondyle of the femur, distally it attaches to a depression
on the lateral surface of the fibular head [55]. The cruciate ligaments join the femur and tibia,
crisscrossing within the articular capsule of the joint but outside of the synovial joint cavity. The

X like shape provides stability to the joint.

The anterior cruciate ligament (ACL) attaches at the anterior intercondylar region of the tibia, just
posterior to the attachment of the medial meniscus [41]. The ACL is weaker among the two
cruciate ligaments. It extends superiorly, posteriorly and laterally to attach the posterior part of the
medial side of the lateral condyle of the femur. The ACL has very poor blood supply. When the
knee is flexed, it is slack. When the knee is extended it is taunt, preventing posterior displacement
of the femur on the tibia and hyperextension of the knee joint. The tibia cannot be pulled anteriorly
when the joint is flexed at right angle because it is held by the ACL [32]. The posterior cruciate
ligament (PCL) is the stronger of the two cruciate ligaments, it arises from the posterior
intercondylar area of the tibia. The anterior displacement of the femur on the tibia or posterior
displacement of the tibia on the femur is prevented as the PCL tightens during flexion of the knee
joint [32]. The hyperflexion of the knee joint is also prevented by PCL. PCL is the main stabilizing
factor for the femur in the weight-bearing flexed knee. The menisci of knee joint act as shock
absorbers. At their external margins, the menisci are thicker and taper to thin, unattached edges in

the interior of the joint [32].



2.2.3 Tibiofibular joints

The tibia and fibula are connected by two joints: the proximal tibiofibular joint and the distal
tibiofibular joint. Without movement at the distal one, the movement at the proximal joint is
impossible [68]. The anterior and posterior ligaments of fibular head strengthen the fibrous
capsule. The fibrous capsule is lined by the synovial membrane. Slight gliding movements of the

proximal tibiofibular joint can occur during dorsiflexion and plantarflexion of the foot [87].

2.2.4 Ankle/Foot Joint
The ankle joint (talocrural) articulation is a hinge type of synovial joint. The ankle joint is located

between the distal ends of the tibia and fibula and the superior part of the talus.

2.3 Knee Kinematics

The main knee movements are the flexion and extension; some rotation occurs when the knee is
flexed with some abduction/adduction. The knee “locks” because of medial rotation of the femur
on the tibia when the leg is fully extended with the foot on the ground. This makes the lower limb

a solid column and more adapted for weight-bearing position. The main movements of the knee

joint are [55]:
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Figure 4: Knee Movements [99]

¢ Flexion-principally by the hamstrings but also by the gastrocnemius-movement is limited
by contact between the calf and thigh.

e Rotation-increasingly possible as the knee is flexed.

e Medial rotation-popliteus, semitendinosus, and slightly by semimembranosus-movement

is constrained by the cruciate ligaments.



e Lateral rotation-biceps femoris-as the collateral ligaments become taunt, its movement is
constrained.
e Extension-principally by quadriceps-movement is limited as the cruciate and collateral

ligaments become taunt.

2.4 Injuries related to the knee

For the knee to work each part of its anatomy should function properly. Acute injury as well as
chronic overuse may cause inflammation and damage the knee. The knee is more susceptible to
twisting or stretching injuries (hyper flexed /hyperextended). If the stress occurs from a specific
direction, then the ligament that is trying to hold it in place against the force will stretch and tear.
Such injuries are called sprains. Sprains are graded as first, second and third degree based on the
damage caused [117]. The first-grade sprains stretch the ligament but don’t tear the fibers, grade
two sprains partially tear the fibers but not the ligaments and the third-grade tears completely
disrupt the ligament. Twisting injuries to the knee put weight on the ligament or meniscus and can
squeeze them between the tibial surface and the edges of the femoral condyle, conceivably causing
tears.

RUNNER’S KNEE ITBS TENDINITIS ACL INJURY MENISCUS INJURY
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Figure 5: Common Knee Injuries [14]

The medial collateral ligament and the lateral collateral ligament can be stretched or torn when the
foot is planted sideways, and a force is directed to the knee. Injuries to these ligaments may also
damage the meniscus or cruciate ligaments. If the foot is planted and force is applied from front or
back of the knee, the cruciate ligaments can be damaged. Meniscal tears often happen during
sports. Tears in the meniscus can occur when twisting, cutting, pivoting, or being tackled. Meniscal

tears may also occur as a result of arthritis or aging.



2.4.1 Anterior Cruciate Ligament injury (ACL)

In the United States alone as many as 100,000 to 250,000 people suffer from an ACL injury [91].
An anterior cruciate ligament injury is the over-stretching or tearing of the anterior cruciate
ligament in the knee (Figure 6). The tear may be partial or complete. The mechanism of injury to
the ACL can be contact or noncontact. An injury which occurs as a result of direct contact with
the knee or any body part by player or an object is termed as a contact type of ACL injury. An
injury where the athlete tears the ACL during any sudden movement that does not involve direct
contact with another athlete is termed as a noncontact ACL injury. Of all reported ACL injuries
only 30% [39] include contact from an outside force i.e. from an opposing player, goalpost or any
other object on the field. Furthermore, many studies of video observational analysis reported that

most of the ACL injuries were caused by noncontact mechanism [54].

On an average 70%-84% ACL injuries [20] [3] [21] [31] [88] are resulted from noncontact
mechanisms like cutting movements, sudden changes in directions, hyperextension resulting from
landing while jumps, unanticipated change in the direction of the play (lapse of concentration),
one step/stop deceleration and rapidly stopping. Each year approximately 50,000 reconstructions

of ACL are performed [34] at a cost of $17,000 per surgery.

In hyperextension Tibia moving foward
under the femur

Extension Flexion

Figure 6: ACL Injury [106]

The non-contact type of injuries usually occur when players were in close vicinity (within 1m of
the player injured) [22]. Additionally, the non-contact ACL injuries also occurred due to pressing
(76%) at the time of defense [47] [22] in female soccer players [95]. The risk factors that have
been recognized as related with noncontact ACL injury can be named under categories as
ecological (equipment and shoe-surface contact) [57], anatomic (knee angle, hip angle, laxity and
notch size), biomechanical, hormonal [61] (strength of muscle, movements of body and

neuromuscular control) [39] and genetically [106]. Some studies have shown the involvement of



ecological factors in Non-Contact ACL [38] but none of the factors were related to gender in
particular. Climate conditions, surface of the ground, footwear and its resistance on the surfaces
are all the phenomena contributing towards environmental factors. Most of the non-contact injuries
were observed to occur when the playing surfaces were dry and hard [33] [38], due to weather
conditions as a result of which the players were exposed to high friction and torsional resistance
between the sole of the shoe and the surface of the ground. From one study there was no difference
observed in the occurrence of ACL injuries on ground surfaces (damp and dry) for male athletes
but has shown that the ACL injury was frequently observed in female athletes who played on
artificial turf compared with natural grass [74]. In the United States a few of the knee injuries were
associated with the footwear design i.e. type of spikes on the sole of the training shoes of soccer

players was a cause of the ACL injury [94].

The anatomical differences between males and females in the lower extremity alignment (hip
varus, Q-angle and knee valgus, foot pronation and hip rotation) [52], length of the bone, joint
laxity [78] and muscle development also considered to be a risk factor for non-contact ACL. As
the length of the tibial and femoral bone increases in adolescents the knee torque also increases
which results in the instability of the knee [47]. While this instability can be partly stabilized
through muscle strength and stiffness in males, in females due to smaller muscle mass cannot be
achieved, increasing their probability even more to the ACL injuries [47] [87] [64]. The Q-angle
in the knee is also one of the factor responsible for the ACL injury. The angle formed by the line
connecting the center of anterior superior iliac spine and the intersection of patella with the line
connecting the center of patella and tibial tuberosity is known as the Q angle. The larger the Q
angle the greater is the lateral pulling force exerted by the quadriceps femoris muscle of the patella
on the medial knee. The size of the anterior cruciate ligament and its mechanical property also
have an effect on the cause of the injury. The size of ACL is smaller in females than males [5] may
contribute to the increase in ACL injuries [66] [99]. Likewise, small ACL inclines to a small
intercondylar notch, where movements such as landing, jumping and cutting that require extension
of the knee may lead to more prominent collision between the ligaments [89] [68]. The mechanical
property of the ACL plays a key role in situations where there is application of high forces. Studies
conducted on cadavers have demonstrated that ACLs of females have lower mechanical property
compared to male ACLs [23]. The role of hormones has as of late been of interest. In 1996,

estrogen and progesterone receptor locales were found in human ACL cells [61] indicating that
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female sex hormones may play a role in ACL structure. Several studies have confirmed that female
sex hormones can impact the composition and mechanical properties of the ACL [61] [90]. A
survey conducted during 1998-1999 for 103 basketball female players injured by the ACL reported
that the injuries occurred just before or after the onset of menses, irrespective of their usage of oral
contraceptives (E. A. Arendt, MD, unpublished data, 1999). But up until now, the impact of oral
contraception, which reduces estrogen levels, on the function of knee and damage of ACL in
females remains obscure [52] [45], in spite of the fact that it has been demonstrated that athletes
who take oral contraception are associated with less injury [8] [69], additionally use of oral

contraception by college athletes did not increase non-contact ACL injuries [7].

Differences in gender have been found in the patterns of motion, positions and forces generated
from the hip and trunk to the knee. These disparities are important since the position of the hip and
motion influence the position, loads and stiffness of the knee [37] [38] [76]. Women have shown
to have less hamstring and gluteus medius activity than men (W. B. Kibler, MD, unpublished data,
1999; L.J. Huston, MS, unpublished data, 1999) resulting at greater risk for non-contact ACL
compared to their counterparts. It was also observed if the knee flexion angle was between 0°-30°,
this increases the ACL strain [15]-[43]. In general women perform landing and cutting movements
in a more erect stance than men, with less hip and knee flexion which makes them more susceptible
to the ACL injury while performing such activities (R. A. Malinzak, MD, unpublished data, 1999;
L. J. Huston, MS, unpublished data, 1999). In addition, the increase in knee valgus and more

prominent quadriceps activation may further increase the risk of injury [50].

Kinetic, gravitational and muscle forces influence the risk of noncontact ACL. Most of the injuries
occur while changing directions or landing from a jump where there is an action of deceleration
and involve generation of forces by quadriceps (i.e., the muscle is lengthening under tension) and
flexion of the knee angles. Furthermore, the knee valgus movements stress the ACL even more,
while a posterior protection is provided to the ligament by the hamstring activation [63] [28].
Studies [73] [21] [102] which used videotapes to examine the non-contact ACL injuries revealed
that most of the players slightly bumped or performed an awkward movement and quickly
recovered by making a new movement before an injury occurred. For example a soccer player
begins to make a goal towards the goalpost, but suddenly another player causes her to change the

direction quickly and alter her already initiated movement. With the lack of time to get data, the
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central nervous system attempts to recuperate, and regularly the movement turns out to be more
quadriceps prevailing as the player attempts to regain balance. This happens when the ACL is most

susceptible to the shear forces of the quadriceps.

Preventative strategies have been proposed to most of the injuries occurred during playing the
actual game or during practices. One current strategy suggested to help decrease the number of
ACL injuries is functional screening combined with neuromuscular training. Athletes can undergo
screening of the knee where a fitness professional examines parameters such as the two-legged
squat, drop-jump and running and cutting maneuvers to determine whether an athlete is at risk of
knee injury [83] [100] [47]. These programs tend to offer a combination of proprioception training
to improve balance and coordination, plyometric exercises that involved jumping and landing,
strengthening exercises and dynamic joint stability. Several studies that incorporate these
techniques into their warm-up and practice have been shown to be effective at reducing ACL injury
[49] [58] [60] [85]. However, there are barriers to effective neuromuscular training including
equipment, personnel and time constraints. Teams that have a limited amount of practice time or
do not have access to an athletic trainer or physical therapist may not be able to include this training
[66]. In addition, it has been reported that there is some discrepancy between observed functional
screening and measured 3D motion analysis indicating that just observing these motions may not
be accurate [83]. Many protocols have been provided by the International Olympic Committee for
biomechanical and neuromuscular training, agility, balance, stability of the core and plyometrics
[18] [77]. It was found out that women required on an average of 6 months or longer period to
recover from the ACL surgeries than men [12] and a Swedish report demonstrated that post ACL
reconstruction in females in a year or two after surgery showed some low scores, however a huge
difference was not observed after two years [2]. Also extrinsic factors like ground surface,
footwear and interaction between the ground surfaces can be controlled to a large extent as a

prevention parameter.

2.5 Wearable Sensor Technology

Wearable sensor technology is a category of electronics which consists of a device that can be
worn on body or attached to clothing. Information related to health and fitness can be tracked using
such kind of technology. The wearable sensors continuously monitor physiology of a person as

well as motion sensing [103] [104]. There are numerous applications of wearable technology like
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the fitness devices which can track the fitness activities of a person like running, jumping, jogging
etc. and the healthcare devices used to enable home diagnosis, make virtual health and remote
monitoring possible. Some examples of the devices are bluetooths, body cameras, heart rate
monitors, motion trackers, personal GPS devices, smart watches and implantables. One such type

of wearable sensor system is composed of the inertial measurement unit (IMU).

2.5.1 Inertial Measurement Unit (IMU)

IMUs are electronic devices which measure and give a report on the body’s linear acceleration,
angular rate and magnetic field surrounding the body [113] [114]. They are a combination of
gyroscopes, accelerometers and magnetometers (Figure 6). The accelerometer measures the linear
acceleration along the X, Y, Z axes of the IMU. The gyroscope measures angular velocity.
Similarly the magnetometer measures the earth’s magnetic field. IMUs detect the change in pitch,
roll and yaw. IMUs are used in various industries like the navigational industry as an integral part
of the inertial navigation system in aircrafts, missiles, and satellites. Besides these navigational
uses, they are also used in smartphones and tablets as orientation sensors. They are used in fitness
trackers and wearables to measure motion while performing any gait activities in day to day lives.

Gaming systems also use IMUs to measure motion in their remote controls.

Acceleromter IMagnetometer
Gyroscope

Figure 7: Accelerometer, Magnetometer and Gyroscope
2.5.2 Accelerometers
Accelerometer is a device that measures acceleration i.e. the rate of change of velocity [113].
Acceleration is measured in meters per second squared (m/s?) or in gravitational forces (g). The
gravitational force on earth’s equivalent to 9.8 m/s? but it varies slightly with elevation and is

different for different planets due to the gravitational pull.
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2.5.3 Gyroscopes

Gyroscopes are the devices that can measure the rotation about an axis. They measure the angular
velocity in degrees/sec. A single axis gyroscope can measure the rotation of a single axis while a
three axis gyroscope can measure in three different axes. They are very accurate in controlled
conditions [30] [113] [114]. Gyroscopes with accelerometers together measure rotational
velocities. Gyroscopes are used in M.E.M.S scale and many devices [79] [67] [93]. Over time due
to drift the accuracy of a gyroscope gets affected. A drift occurs when the data starts to skew in
the positive or negative direction, due to temperature changes in the device. Voltage fluctuations
can also generate drift. Filtering the results helps remove drift [80, 79]. The gyroscope can be used

as a precise device for measuring angular velocity about an axis just by controlling the drift.

2.5.4 Magnetometers

A magnetometer is an instrument that measures magnetic fields, the direction of the field and its
strength. It measures earth’s magnetic field in Gauss or ‘uT’. Its applications extend into various
industries like military to detect submarines, geographical surveys, metal detectors, directional
drilling and space explorations etc. There are two different types of magnetometers bases on their

applications.

Wearable sensors have been developed to monitor lower extremity motion using a variety of
methods for several applications, including gait analysis and assistance with rehabilitation [66-70].
The wearable sensors involve the inertial measurement units (IMUs), consisting of accelerometers,
gyroscopes and magnetic field sensors which provide information about the acceleration, velocity
and position of one body segment with respect to another and have been used to estimate various
limb angles [113] [114] and ground reaction force [75]. Wearable IMU sensors provide the
opportunity for non-obtrusive activity monitoring in a real world setting. Wearable sensors using

IMUs have successfully measured a variety of kinematic data.

2.6 APDM Opal System

APDM (Ambulatory Parkinson’s Disease Monitoring), the products developed by the APDM Inc.
specialize in monitoring gait patterns for a person. The mobility lab is the host program that
configures and runs trials based on plug-ins. The Opal sensor by APDM (APDM Inc., Portland

OR) is an inertial measurement unit (IMU) that consists of a tri-axial accelerometer, tri-axial
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gyroscope and tri-axial magnetometer. Each Opal sensor is about the size of a wristwatch and
weighs less than 22 grams. One major benefit of the Opal sensor is it can collect data for an entire

day (up to 16 hours) on one charge and store up to 28 days’ worth of data.

Figure 8: APDM Opal sensor

Therefore, the Opal sensor is small and compact, has a long battery life and large storage capacity,
and thus can be used outside of a motion analysis laboratory setting and during a person’s activities
of daily living. Since the Opal sensors meet both the user’s preferences, it was selected as the

wearable sensor for the WMAS (wearable motion analysis system).
The characteristics of the sensor used are given in the tables below:

Table 1: Characteristics of the Opal Sensors [6]

Accelerometer (2) Gyroscope Magnetometer
Axes 3 axes 3 axes 3 axes
Range +16g,+200g +2000 deg/s + 8 Gauss
Noise 120 pg/NHz, 5 mg/NHz | 0.025 deg/s/NHz 2m Gauss/NVHz
Sample Rate 20 to 128 Hz 20 to 128 Hz 20 to 128 Hz
Bandwidth 50 Hz 50 Hz 32.5Hz
Resolution 14 bits, 17.5 bits 16 bits 12 bits

Table 2: Hardware characteristics of Opal sensor [6]
Dimensions 43.7 x 39.7 x 13.7 mm (LxWxH)
Weight < 25 grams (with battery)
Material PC-ABS Plastic, Glass
Internal Storage 8 Gb (~720h Storage)
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Battery Life SynchronousLogging:12h,Asynchronous Logging:
16h

Table 3: Wireless characteristics of Opal sensor [6]

Wireless Radio Nordic Semiconductor nRFL01 + radio, ultra-low
power

Frequency Band 2.40-2.48GHz ISM band, adjustable

Data Rate 2Mbps on-air data rate

Latency* 300ms (typical) with data buffer, 30ms (typical)
without data buffer

Transmission Range 30m line of sight, 10m indoors

Data Buffer 8Gb (~720 hours)

Synchronization <1ms difference, up to 24 Opals

Bluetooth”2 No

Wifin2 No

* Latency is defined as the time when sample is recorded on the Opal, to the time it is emitted from
the host libraries.

Table 4: Orientation Estimates of Opal sensor [6]

Static Accuracy (Roll/Pitch) 1.15 deg
Static Accuracy (Heading) 1.50 deg
Dynamic Accuracy 2.80 deg

The APDM system along with the opal sensors came with a pair of docking station for charging
and configuring the opal sensors, two access control points used for wireless communication
between the monitor and the opal sensors, a wireless remote control to make data collection easy,
a footplate which standardizes the stance width if used, a USB drive with the Mobility software

and seven straps for each of the opal sensors and USB cables (Figure 9).
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Figure 9: (a) Access Control Points, (b) Docking station with USB connector

2.7 Optical Tracking System

Optical tracking systems utilize camera-based technology to measure precise and accurate
movements of a subject. Because of their accuracy, they are considered to be a gold standard. The
entire system requires the use of a large room to set up the cameras, cables, computer workstations
and calibration equipment. Cameras are placed strategically around an area to provide a field of
view that the subject will be working in. Cameras track the markers placed on the subject’s body
and locations of the markers are dependent on the type of study being conducted. Passive markers
are retro-reflective spherical balls with adhesive backings to them. The markers are wrapped in
reflective tape that is highly reflective to infrared illuminators that surround the optical cameras.

The markers represent body segments that cameras can track [30].

2.7.1 Optitrack Motive System

Optitrack motive is an optical tracking system for motion analysis. The system uses multiple
optical cameras to track human movements. The system calibrates all the cameras to a common
reference plane. This type of study drives the configuration for the cameras. This reference plane
calibrates to a global coordinate frame, which is referenced in Visual 3D. The calibration of this
plane sets the distance between markers for any other future calculations in the analysis program.
The software platform allows the user to calibrate and configure 3D data and also provides
interfaces for capturing and processing the 3D data. It compiles 2D images of markers to obtain

3D coordinates. By using these 3D coordinates from tracked markers, motive obtains six degrees
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of freedom (3D position and orientation) data for rigid bodies and skeletons. Motive enables the

tracking of complex movements in 3D spaces.

Figure 10: Prime 13 Camera [72]

We used 12 Prime 13 (Optitrack, Corvallis, OR) motion capture cameras (Figure 10). These
particular cameras were used because of their potable size and high resolution and many technical
specifications [72]. The resolution provided by these cameras is 1280*1024 at an adjustable frame
rate of 30-240 FPS, the latency being 4.2ms [72]. The cameras came with twelve tripod stands and
the required cables to connect. These particular type of cameras were chosen due to their excellent

range and coverage.

2.8 Force plate

A force plate is a device which measures force, pressure and movement generated by a body
standing on or moving across them (Figure 11). They are composed of strain gauge load
transducers and a digital amplifier for signal conditioning. They are portable, lightweight, and can
be moved from one place to another easily. They have adjustable foot for levelling on surfaces for

accurate measurements.

Figure 11: Bertec Force plate [51]

The force plates used in this study were manufactured by the Bertec Acquire Columbus, Ohio.
Two of the FP4060-05-PT type of force plates were used. The force plates have six component
load transducers. They measure the orthogonal components of the resultant forces on the plate and

three components of resultant moment in the same direction of the coordinate system. A 16-bit
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digital gain amplifier and signal conditioner inside each plate makes the signal acquisition and
conditioning obsolete. Each plate has a calibration matrix digitally stored on it. With the help of
external amplifiers three outputs of the signal are achieved; digital, analog, and dual
(digital/analog). The output was directly plugged into the computer sing a USB port without any
use of additional PC card for signal conversion. The specifications of the force plates are in the
Table 5.

Table 5: Force plate Specifications [51]

Model Designation FP4060-05-PT
Width, mm(in) 400 (15.75)
Length, mm(in) 600 (23.62)
Height, mm(in) 50 (1.97)
Mass, kg(lb.) 8 (18)

Max. Load Fz, N (Ib.) 5,000 (1,100)
Max Load Fx, Fy, N (Ib.) 2,500 (550)
Max. Load My, N-m (in‘1b) 1,000 (8,900)
Max. Load Mz, N'm (in-1b) 750 (6,600)
Natural Frequency Fz (Hz) 250

Natural Frequency Fx, Fy (Hz) 150

Static Resolution* Fz, N (Ib.) +0.5 (0.11)
Resolution** Fz, N/LSB (Ib./LSB) 0.09 (0.02)
Linearity, %FSO¥ 0.2

* Static Resolution is the peak-to-peak noise amplitude of the static signal.

** Resolution is given in terms of the sensitivity of the internal digitization and indicates the
amount of signal produced (in N or Ib.) per LSB (least significant bit) of digitized signal.

1 FSO: Full Scale Output
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2.9 Visual 3D

Visual 3D is a motion analysis software by C-motion, Kingston, ON, Canada which
mathematically analyzes the kinematic and kinetic (inverse dynamics) data for biomechanical 3D
motion captured data. The files from the motion capture systems are taken as input in visual 3D in
the .c3d format to analyze. The .c3d files contain movement point data, force plate data and analog
signals (EMG, accelerometer, foot pads, etc.). The saved .cmo output file contains c¢3d data, static
data, processed signal, kinematic and kinetic data. The models in visual 3D are called six-degree-
of-freedom link models, which comprise of 6 DOF segments (thigh, shank and foot in leg), which
corresponds to the major bone structure of the body. Each segment is a rigid body which has mass
and fixed dimensions and doesn’t undergo any deformations with respect to any external force.
Each segment is defined by two points in space, proximal and distal end, corresponding to
endpoints of major bones and a third point that defines the orientation of the vector between the
endpoints. A pipeline helps in creation of many models for number of subjects at the same time

which saves time. The joint angle data is obtained from visual 3D.

2.10. MATLAB

Matlab is a programming software which uses a matrix based language to analyze data, develop
algorithms and create models and applications. By developing a script any data can be obtained
using matlab. The use of MATLAB in this study was to get the acceleration, time, joint angle data
and develop graphs from the APDM Opal sensors using the .h5 files as input, through which all
the required parameters were calculated like ground reaction force, min acceleration, body weight

etc.
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CHAPTER 3: METHODOLOGY

3.1 Institutional Review Board Approval

This research study “Validation of a device to accurately monitor knee kinematics during dynamic
movements” was approved by the University of Michigan-Dearborn Institutional Review Board
(IRB). The principal investigator of the study was Dr. Amanda Esquivel, and the research staff
included Ruchika Tadakala and Jessica Buice. Before participating in the study, each participant
was briefed about the consent form: the purpose of the study, procedures, benefits, risks,
disclosures, privacy, how the information will be used, and their rights and ability to withdraw
from the study at any time. After the briefing and participant’s questions, the subjects signed the

consent form to perform two activities (vertical jump and run) in the biomechanical laboratory.

3.2 Participant Data

Eight subjects, four females (1-4) and four males (5-8), aged 20-39 participated in the study. The
subjects were all healthy and did not have any history of knee injuries before or any type of gait
abnormalities. The subjects were asked preferably to wear sport shorts above knees and a tight
tank top or tee-shirts which would not interrupt the placement of markers or sensors. Each subject
was given an identification number to protect their data and their height and weight were also
recorded. Any data relating to the subject or which would be published was secured on a password
protected computer and was confidential and only members of the research team had access to the
files and data. Subjects were asked to perform two activities (running and jumping) which were
recorded using both motion capture and a set of wearable IMU sensors. Detailed information about

the experimental setup and activities follows.
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Table 6: Participant Data

Subject | Age | Height(m) | Weight(kg)
id
1 22 1.67 53.5
2 39 1.58 67.13
3 25 1.57 44
4 23 1.52 80
5 23 1.90 108.86
6 20 1.72 63.5
7 20 1.90 81.64
8 22 1.79 84.82

3.3 Instrumentation and Experimental Setup

The study took place at the University of Michigan-Dearborn, in the IAVS (Biomechanical)
laboratory. Subjects used an 8-foot walkway as a path to perform the activities on which the force
plates were installed and was located in the middle of twelve optical tracking cameras which were
mounted on adjustable tripods as shown in the Figure 12. The field of view of the Optitrack system
was not able to monitor the full space of study instead the cameras focused on the wooden walkway
with force plates where each of the trails took place which made data collection optimal. The field

of view was limited and allowed a limited space to collect data.

Figure 12: Camera Setup

All the cameras were located high above the ground and would not interrupt the study space
(Figure 12). The cameras were connected to a main computer which powered and received the
data. Both the Optitrack system and APDM system were calibrated and configured before the
study to ensure accurate collection of data for each subject. Both the Optitrack and APDM systems

were set up to record data and activities performed by the subjects simultaneously.
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3.3.1 Optitrack Motive Calibration

After starting the motive software and warming up the cameras for five minutes, all the grayscale
image of cameras was checked (Figure 13). It was made sure that there was no reflective material
in the focused space or the subject was wearing anything reflective, if so it was covered with gaffer

tape.

o

Figure 13: Masking the cameras free of any reflective material

After completing the above procedure, the camera calibration was done using the wanding option
using the calibration wand. The wanding was done until all the cameras were covered as shown

in Figure 14 and the results were calculated and applied to the particular subject’s take.

Figure 14: Calibration using the wand to cover whole space

After this, the next step was to set the ground plane using the L-frame. In the lab, the force plate

was considered to be the ground since the activities would take place on it (Figure 15).

¥ Force Plates

> Bertec0 (1) 1000* 5.0
>

Devices

Properties  Bertec0

Settings

Figure 15: Setting up of force plate
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The force plates were positioned in two different ways on the walkway as shown in the Figure 16

(a) and (b) for a jump and a run activity respectively.

5

R

Figure 16: Force plate position on walkway for (a) Jump trial (b) Run trial

Reflective markers were secured onto each subject using the “Lower body Rizzoli” protocol. The
lower body Rizzoli skeleton has thirty-two markers specified. An extra sixteen markers were
placed on the body for better tracking of the segments while creating a rigid body. The markers
were placed on key bony locations, such as the joints by manually palpating the subject and the
extra sixteen markers were placed in the form of a square cluster on the lateral side of both the
thighs above the opal sensors and four on the gastrocnemius (lower back part of shank) just below
knee for both the legs. Table 7 below lists all the marker labels that are required to be placed in

the lower section of body.
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Table 7: Marker Labels

Waist Right leg Left leg Right foot Left foot
= RASIS = RTH = LTH = RLM = LLM
= LASIS = RLE = LLE = RMM = LMM
= LGT = RHF = LHF = RCA = LCA
= RGT = RME = LME = RFM = LFM
= RTT = LTT = RDP = LDP

= RSK = LSK = RVM = LVM

= RSM = LSM

Figure 17 shows all the key bony points of the lower limb for where the reflective markers have

to be placed.
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Figure 17: Biomechanics Gait Marker Set for Lower Limb [30]

The description of all the thirty two Rizzoli lower body protocol to be placed on the body at

various locations has been explained briefly in the Table 8.

Table 8: Marker Descriptions

Body Segment Marker Label Anatomical Location Description of Location

RASIS Right Anterior superior On the top of the anterior
iliac spine iliac spine.

LASIS Left Anterior superior

Waist iliac spine

RPSIS Right Posterior superior On top of the bony
iliac spine locations where the spine

LPSIS Left Posterior iliac spine joins the pelvis.
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RGT Right great trochanter Right most lateral
prominence of the greater
trochanter external
surface.
RTH Right thigh Lower 1/3 of the lateral
Right Upper Leg surface of right thigh.
RLE Right lateral epicondyle Most lateral prominence
of the lateral femoral
epicondyle.
RME Right medial epicondyle | Right medial prominence
of the medial femoral
epicondyle.
LGT Left great trochanter Left most lateral
prominence of the greater
trochanter external
surface.
LTH Left thigh Lower 1/3 of the lateral
surface of left thigh.
Left Upper Leg LLE Left lateral epicondyle Most lateral prominence
of the lateral femoral
epicondyle.
LME Left medial epicondyle Left medial prominence
of the medial femoral
epicondyle.
RHF Right proximal tip of the
head of the fibula
RTT Right most anterior
border of the tibial
tuberosity
Right Lower Leg RSK Right shin of the knee Near the midline of the
shin below the right knee.
RMM Right medial malleolus On the distal apex of the
medial malleolus of right
knee.
LHF Left proximal tip of the
head of the fibula
LTT Left most anterior border
of the tibial tuberosity
LSK Left shin of the knee Near the midline of the
Left Lower Leg shin below the left knee.
LMM Left medial malleolus On the distal apex of the
medial malleolus of left
knee,
RCA Right calcaneus Upper ridge of the
calcaneus posterior
surface.
RVM Right fifth metatarsal On the fifth toe of the
head right foot
Right Foot RFM Right first metatarsal head Dorsal of the first foot
head
RDP1 Right distal phalanx Near the end of big toe,
distal end of right
phalanges
RSM Right second metatarsal | Dorsal of the second foot
head head.
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LCA Left calcaneous Upper ridge of the
calcaneus posterior
surface.
LVM Left fifth metatarsal head | On the fifth toe of the left
Left foot foot
LFM Left first metatarsal head Dorsal of the first foot
head
LDP1 Left distal phalanx Near the end of big toe,
distal end of right
phalanges
LSM Left second metatarsal Dorsal of the second foot
head head.

3.3.2 APDM Moveo Calibration

Figure 18: APDM setup

The APDM system was also configured before recording any data of the subjects. The hardware

setup was done using the Moveo Explorer software on the computer. If any error occurred, the

sensors would not be configured which was indicated by the software. After completing the

configuration of the sensors, a test subject was added on the Mobility system software by filling

in the required fields. The type of test form used for this study was “free form” as the activities

(jump and run) which we performed were not listed in the software. The opal sensors were placed

at particular locations specified by the software for the lower limb protocol (Figure 19).
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Figure 19: Sensor placement [6]
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Table 9 below gives a detailed description about how the APDM opal sensors were to be placed

on the subject’s body. In this study we only used the lower leg and upper leg sensors avoiding the

foot and lumbar one. Upper and lower leg sensors were fixed to the subjects using co-flex bands

at the required positions specified in the table.

Table 9: Sensor Location Description [6]

Body part

Anatomical Description

Common Description

Orientation

Lower Leg

Just medial to the anterior
surface of the tibia, high
enough for the strap to
wrap just above the widest
part of the gastrocnemius

Just inside the front of the
shin, on the flat surface of
the bone, high enough for
the strap to wrap just
above the widest part of
the calf muscle.

Connector pointed straight
down towards the floor

Upper leg

Lateral side of thigh, on
top of the iliotibial
band,~4inches above the
knee

Side of thigh, midline,
between muscular tissue,

one hand’s width above
the knee

Connector pointed straight
down towards the floor

3.4 Research Trials

APDM opal sensors and reflective markers were placed on the subject prior to recording the trial

as described in the previous sections (Figure 20). The opal sensors were placed at key locations
specified by the APDM given in the Table 9.

Figure 20: Markers and sensors placed on subject’s body

A skeleton was created for each subject with their unique identification number after all the

markers and sensors were secured before starting the recording (Figure 21). Subjects were asked
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to stand in a T-shaped pose by putting their hands and legs apart and stand still for 2-3 seconds. A
static trial was recorded first before starting any activity. While performing the trials, if a subject
happened to lose any markers, a new static was recorded before the start of next trial to aid in
accurate measurements. The skeleton and static are an important part as the average location of
the markers are determined using all frames of the data and were later used to compute the

kinematic model.

Figure 21: Skeleton creation and static take

All the subjects performed two types of activities (jump and run) four times. The trials started
when the subjects were instructed by the research member to start. The subjects stood still for three
seconds for the calibration of the APDM opal sensors and then would start the activity upon the
instruction given by the researcher. This three seconds time was known as the buffer area and was
used to help eliminate the drift from the gyroscopic data during calculations. Simultaneously, the
trial would be recorded on the Optitrack motive window. The subjects were allowed to practice
the activities on the walkway before starting to record the data to make them feel comfortable

while actually performing and to avoid any occurrences of redoing the trials.

The subject would make a run on the walkway by stepping on both the force plates for a run trial
(Figure 22), and for a jump trial would jump off a 30cm wooden box placed on the walkway to hit
both the force plates once and then jump up again and land on the force plates for a second jump
(Figure 23). Testing required two operators, one that operated the computer and recorded the data,
and the other would observe the subject to make sure no marker falls off or the sensors and to
make notes in the laboratory book regarding all the events taking place. Each trial ended when the
subject relaxed after performing the activities and would not take any longer than 10 seconds to
complete and the whole study was completed in approximately 60 minutes which included

calibration of the systems and marker and sensor placement.
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Figure 22: Subject performing a run

Figure 23: Subject performing a jump

3.5 Data Analysis

3.5.1 Motive and Visual 3D Data

The processing of the kinematic data after recording all the trials was done using the Optitrack
software and the kinetic data related to the ground reaction forces was acquired from the two force
plates. The sampling rate of the cameras and the force plates was set at 240Hz. All the markers

were assigned to their respective locations and the extra sixteen markers were assigned to the

30



thighs and shank manually (four to each thigh and four to each shank of the legs). Each trial was
viewed and the markers were tracked manually when the automatic tracking failed. This was done
to ensure smooth tracking and better construction of the rigid body (Figure 24). Once the editing

was completed for all the trials they were saved as .c3d files.

Figure 24: A completely edited trial in Motive

Data collected from the Motive system were analyzed using Visual 3D. Each trial was edited and
exported as a .c3d file to run in visual 3D. All the files were then opened and processed using
Visual 3D. The linked segments used to build the lower body were pelvis, thigh, shank and foot.
Instead of building each segment separately which was time consuming for many subjects a
pipeline was used to for all the files to create the body segments to build a rigid body model. A
pipeline is a set of commands in Visual 3D which are processed in a sequence. The height and
weight of the subject was entered into the program in order to create local coordinate system of
the pelvis, thigh, lower leg, angle and foot. Before running the pipeline the corresponding static
trial was assigned to each trial take by importing the static .c3d files. A static trial is a recording
taken with the subject being stationary which can also be considered as a calibration trial which is
used to define the link model which is a collection of landmarks, segments and muscles. From the
static trial, a lower extremity kinematic model was created for each subject, which included the
pelvis, thigh, shank and foot. This kinematic model was used to quantify the motion at hip, knee
and ankle joints.
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Figure 25: Rigid body in Visual 3D

After all the frames were constructed using the pipeline, another pipeline was run to calculate the
kinetic data (vertical and posterior ground reaction forces) which gave the frame number at which
these movements occurred. Additional kinematic data and mathematical analyses was completed

using Visual 3D with plots for each trial.
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Figure 26: Parameters obtained from Visual 3D
The coordinate system directions for the medial and lateral of the left and right sides are different.

The sign convention for angles is also different due to this i.e. the inward rotation of the right leg
about the long axis towards medial is positive but the inward rotation of the left leg about the long
axis towards medal is negative. In Visual 3D the direction of the angles are determined with respect

to the segment coordinate system using the ‘Right Hand Rule’. The flexion/extension have the
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same sign for both left and right legs, but the inward/outward rotation and abduction/adduction
have the opposite signs. Figure 26 represents the knee coordinate system used by Visual 3D.

e ssional

Right knee

(Opposite for left)

(Opposite for left)

Figure 27: Knee coordinate system

3.5.1.1 Joint Angles at Peak Ground Reaction Force
A joint angle is known as the angle between two segments on the either side of a joint. It is
measured in degrees and is relative to the segment angles i.e. it does not change with body’s

orientation. The knee joint angles at peak forces were obtained for left and right knees.
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Figure 28: Waveforms for left knee angle (a) Jump (b) Run

t Knee Angle @ 200.0 Hz

Figure 28 shows the waveform of joint angles from visual 3D in all the three directions (X-Flexion,
Y-Abduction, Z-internal rotation). The frame number where the peak force was maximum was
obtained from Visual 3D for both left and right legs and the angles at the peak forces in all the

three directions i.e. X, Y and Z were tabulated into excel.



3.5.1.1.1 Normalization

The standing posture is considered to be a reference posture from which all the joint angles are
computed. All the joint angles during a standing pose are considered to be zero. Angle
normalization is a method where a joint angle is referenced to a reference posture (standing posture
or still posture). Normalization is used to clean up errors in determining the segment coordinate
system caused by the misplacement of markers. Initially for normalization we assumed that the
angle values obtained from a standing position in X (+ flexion/ -extension), Y (+valgus/- varus)
and Z (+internal rotation/- external rotation) directions for a subject can be subtracted from the
joint angles obtained at peak ground reaction force but the joint angles are not vector quantities,
which means they cannot be added or subtracted. Therefore the normalized joint angles could not
be obtained by simply subtracting the joint angles in the reference position from the joint angles
at a given frame of data or at the peak ground reaction. A method proposed by the Visual 3D
software was later used for normalization in this study to calculate the normalized joint angles.
This method used a reference segment by creating a reference shank and the corresponding

normalized joint angles were obtained in Visual 3D at peak ground reaction force and compared.

3.5.1.2 Ground Reaction Force
The vertical ground reaction force was measured using the force plates mounted on the ground for
both jump and run activities. The maximum of the force in Z-direction was the maximum GRF

from the force plate. The resultant force was calculated using the formula-

= \/(force in x — direction)2 + (force inY — direction)2 + (force in Z — direction)?2

Figure 28 shows a typical waveform observed while jumping from a wooden box at a height of
30cm and landing with both feet at around same time on the force plates. The force is zero when
the subject is standing still on the box and when the subject is in air, and it rises rapidly to a value
significantly larger than ‘mg’ (‘m’ is the mass of the subject and ‘g’ is the acceleration due to
gravity) when they land on the force plate and becomes zero again when the subject is in air for
the second jump and is greater than ‘mg’ again while they land back on the force plate after the
second jump and comes back to zero once they stand still. The two peaks in the Figure 29 represent
the maximum vertical force exerted by the subject while performing the two jump activities in the

Z-direction from the force plates.
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Figure 29: Wave form observed while jumping on the force plate for one leg

Since running differs from walking, in that there is a flight phase where both the feet are off the
ground. Each foot is off the ground for 40% of the time during walking and 70%-80% off the
ground while running [25] at different speeds. The vertical component of the ground force acting

on one foot while running is shown in Figure 30 in the Z- direction from the force plate.
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Figure 30: Waveform observed while running from the force plate for one leg

Generally, there is an initial spike when the foot lands on the force plate due to the heel strike, then
there is an increase in the ground force, reaches maximum and then the ground force decreases
rapidly as the subject crosses the force plate. Ground reaction force was reported as a percentage
of body weight. This was calculated using each subject’s mass and the maximum force in Z-

direction from the force plates. The formula used for calculating percent body weight —

__ maximum ground reaction force in Z—direction(N)
mass(kg)*9.81
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This GRF from force plates was correlated with the tibial acceleration from the sensor data.

3.5.2 APDM and MATLAB Data
The unprocessed joint angle data from the APDM wearable sensors after the recording of the trials

is shown in the Figures 31 and 32.
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Figure 31: Unprocessed Jump APDM data using Moveo

The buffer time can be seen in Figure 31 and 32 at the start of each trial, where the subject was

standing still.
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Figure 32: Unprocessed Run data using Moveo
The coordinate system for the joint angles for the APDM opal sensors is shown in Figure 33.
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Figure 33: Knee coordinate system for APDM opal sensor

The unprocessed trials were exported from the Moveo software in the .h5’ format. The raw data
were processed using a custom written script in Matlab which could read the ‘.h5’ files and
generate the required output with related graphs. The Matlab script gave acceleration data and the
knee angles of the lower limb for both left and right legs. The acceleration and angle data was
recorded into Excel separately for further mathematical analyses. The acceleration from the opal

sensors for each activity was obtained from running the MATLAB script as seen in the Figures 34
and 35.
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Figure 34: Acceleration plot for Jump trial
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Figure 35: Acceleration plot for run trial

The graphs obtained from the MATLAB script were used for further analysis of the gait
parameters. The MATLAB script was written to calculate at what particular point/frame the
maximum peak occurred and the angles at those peaks. These frame numbers at maximum peaks
were used to find out the minimum acceleration at that point. Using the data cursor in Matlab,
these frame number and the angles were cross verified from the plots. The tibial acceleration was

in the negative X-direction for both the jump and run trials.
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Figure 36: Typical acceleration graph in X-direction from sensors for jump trial

Analyzation of the run trials posed a difficult challenge from the graphs as there were many
instances where the foot would come in contact with the ground giving rise to many peaks in the
graphs. So it was difficult for the MATLAB script to generate the exact frame numbers for

maximum peaks with respect to the force plates. This was overcome by cross verifying the frame
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numbers obtained from MATLAB and watching the videos from the Optitrack Motive software,
i.e. the point at which the foot hit the force plates and its peak obtained. The APDM opal sensors

sampled accelerations at 128Hz.
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Figure 37: Typical acceleration graph in X-direction from sensors for run trial

3.5.2.1 Angles at Peak Ground Reaction Force

The APDM opal sensors use a kalman filter for orientation estimation with the complex fusion of
accelerometer, gyroscope and magnetometer [6]. The orientation estimates are given using the
quaternion format where the first component is the scalar part and the last three components are
the x-y-z complex part. The quaternions are used to represent orientations for mathematical
properties but for the interpretation, Euler angles are used. Euler angle representation describe 3

rotations in this order: flexion/extension, abduction/adduction, and internal/external rotation.

The data stored in the output files (csv and .h5 files) from the APDM opal sensors are all in the
sensor’s frame of reference. The x-axis gyroscope data refers to rotational velocities about the
movement monitor’s x-axis. The orientation data can be used to transform sensor frame data to
earth’s frame of reference using MATLAB scripts. The MATLAB script generated the angles at
peak force directly, they were tabulated into Excel and compared to the angles obtained at peak

force from the motion capture system.
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3.5.2.2 Tibial Acceleration

A typical representation of the tibial acceleration is represented in the Figures 36 and 37 for a jump
and run trial. There was an occurrence of four events namely, heel-strike, Initial peak acceleration
(during first jump), maximum peak and peak-to-peak. This tibial acceleration was correlated with
the vertical GRF obtained from the force plates shown in Figures 28 and 29 for jump and run
activities in the Z-direction. The minimum acceleration in the X-direction from the sensors was

calculated using the formula-

_ (minimum acceleration in X—direction)+(9.81)
(—-9.81)

According to the coordinate system of the APDM opal sensors the up and down direction is
equivalent to the x-direction. Acceleration is positive as the subject is falling, zero when the subject
initially lands on the ground and is negative as the subject is decelerating which can be seen in
Figures 36 and 37 for both jump and run trials. The maximum ground reaction force occurs when
acceleration peaks in the negative direction (Figure 36 and 37). These time points were confirmed
using the data from the force plate (Figure 29 and 30). Similarly the knee flexion angles were
recorded at these two time points and compared with values found using the motion capture

system.
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CHAPTER 4: RESULTS AND DISCUSSION

The purpose of the study was to validate the APDM system against the Optitrack Motive system.
The study examined the correlation between knee angles at peak forces and the vertical ground

reaction force with tibial acceleration.

4.1. Knee Joint Angles at Peak Ground Reaction Force

The knee joint angle data at the peak ground reaction force from the Optitrack motion capture
system were compare with the APDM sensor system. The data in the tables 10-14 represent all the
trials performed by the subjects, the joint angle values in three directions(X, Y, and Z) obtained
from the motion capture system and the sensors for left and right leg and the difference values.
The coordinate system for knee angles is as follows-

X-direction (+ flexion/ -extension)

Y -direction (+valgus/- varus)

Z-direction (+internal rotation/- external rotation)

4.1.1 Jump Results

The knee joint angles at peak ground reaction force for each jump were calculated in all the three
directions(X, Y and Z) for flexion/extension, abduction/adduction and internal/external rotation.
The average difference for the knee flexion angle between the APDM opal wearable sensors and
the motion capture system was 10.96° during the first jump for left leg and was 8.13° for the right
leg (Table 14). The average difference for abduction was 5.78° for left leg for the same first jump
and 6.94° for right leg (Table 14). The average difference for internal rotation was 5.76° for left
leg and 5.60° for right leg (Table 14). The average difference between the APDM opal sensors and
the motion capture system for flexion during the second jump was 11.65° for left leg and 9.91° for
the right leg (Table 15). The average difference for abduction was 5.86° for left leg and 4.89° for

right leg (Table 15). The average difference for internal rotation during second jump was 4.46° for
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the left leg and 3.54° for the right leg (Table 15). The knee flexion angles was in a range of 20° to
55° for both the APDM opal wearable sensors and the motion capture system for both the legs.
The range of the abduction angles was of 0.07° to 18° for both the systems and the range of internal
rotation was in a range of 0.08° to 12° during jumping (Table 10, 11, 12 and 13). Table 12 shows
the normalized joint angle values from the motion capture system and the sensors with their

differences.

After the data were normalized using the joint angle normalization method the average difference
improved slightly for most angles. The average difference for the knee flexion angle between both
the systems was 9.65° and 8.73° for left and right legs respectively during first jump (Table 14).
The average difference for abduction was 5.45° and 5.48° for left and right legs during the same
jump. The average difference for the internal rotation was 4.10° and 3.60° for left and right legs
(Table 14). The average difference during the second jump for the knee flexion angle was 10.75°
and 9.62° for left and right legs (Table 15). The average difference for abduction in for left and
right leg was 5.47° and 6.23° (Table 15). The average difference was 4.54° and 4.64° for left and
right leg internal rotation (Table 15). The range of knee flexion after normalization was 16.12° to
50°, range for abduction was 0.13° to 18° and the range for internal rotation was 0.19° to 16° for
both the systems (Table 10, 11, 12 and 13). The angles in all three directions i.e. X
(flexion/extension), Y (abduction/adduction) and Z (internal/external rotation) were compared
individually for all the eight subjects. Tables 10-13 show the results of joint angle data for flexion,

abduction and internal rotation for a jump activity.
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Table 10: Knee joint angles for first jump

LEFT
Subject

Average

RIGHT
Subject

Average

X
Trial
1 Trial 1
Trial 2
Trial 3
2 Trial 1
Trial 2
Trial 3
3 Trial 1
Trial 2
Trial 3
Trial 4
4 Trial 1
Trial 2
Trial 3
5 Trial 1
Trial 2
Trial 3
Trial 4
6 Trial 1
Trial 2
Trial 3
Trial 4
7 Trial 1
Trial 2
Trial 3
Trial 4
8 Trial 1
Trial 2
Trial 3

X
Trial
1 Trial 1
Trial 2
Trial 3
2 Trial 1
Trial 2
Trial 3
3 Trial 1
Trial 2
Trial 3
Trial 4
4 Trial 1
Trial 2
Trial 3
5 Trial 1
Trial 2
Trial 3
Trial 4
6 Trial 1
Trial 2
Trial 3
Trial 4
7 Trial 1
Trial 2
Trial 3
Trial 4
8 Trial 1
Trial 2
Trial 3

Motion C: Opal Sens Diff

48.87
53.00
37.99
49.88
48.61
54.06
23.96
25.25
23.43
22.16
45.98
45.85
48.13
35.10
37.36
46.16
3431
58.17
55.09
55.73
59.22
43.49
45.51
41.25
43.72
41.03
37.68
39.84

42.89

Motion Cz Opal Sens Diff

46.27
53.00
37.99
49.63
41.82
48.56
53.96
52.69
53.44
28.40
45.98
45.85
45.63
37.24
39.66
39.06
36.36
48.60
55.09
63.83
61.84
44.32
48.28
45.89
47.17
44.23
40.30
42.76

46.35

51.30
41.96
54.41
53.24
35.89
54.29
28.33
27.56
25.81
27.07
23.02
3141
34.92
26.43
26.58
30.96
30.96
61.26
57.31
48.44
63.23
33.19
32.19
34.60
33.66

4.59

6.63

6.08

35.19

35.20
44.98
32.65
47.37
41.89
47.76
37.83
44.73
34.25
37.00
51.77
49.35
49.21
40.87
42.14
44.49
48.14
32.39
56.24
52.79
56.10
44.87
44.10
41.77
40.17
27.29
13.93
23.99

41.55

243
11.04
16.42

3.36
12.72

0.23

4.37

231

2.38

4.91
22.96
14.44
13.21

8.67
10.78
15.19

3.35

3.09

222

7.29

4.01
10.31
13.32

6.65
10.06
36.44
31.05
33.76

10.96

11.07
8.02
5.34
2.26
0.06
0.80

16.13
7.96

19.19
8.60
5.79
3.50
3.58
3.63
248
5.43

11.78

16.21
1.15

11.04
5.74
0.55
4.18
4.12
7.00

16.94

26.38

18.76

8.13

Peak 1

Motion C: Opal Sens Diff

4.95
18.12
13.20

7.78

7.88

7.92

9.13

8.93

7.54

9.15

7.35

8.88
10.21
14.07
11.42
13.38

9.51
10.42
11.58
15.09
17.06

8.39

2.22

117

2.26

0.13

6.45

3.23

8.84

Peak 1

Motion Cz Opal Sens Diff

4.54
18.12
13.20

2.00

1.84

3.49

9.13

8.77

7.54

6.81

7.35

8.88

9.84
10.76

9.89

9.55

8.20
10.96
11.58
17.07
17.46

1.93

3.07

3.08

0.74

2.26

0.61

1.66

7.51

224
16.16
15.36

5.03
10.18

7.97

0.66

2.06

2.74

6.30

3.69

1.38

5.68
15.86
10.68
12.04
12.04

2.32

3.07

4.43

2.07
14.72
15.21
14.14
1110

5.43
11.62
14.23

8.16

10.09
8.73
8.18
4.98
0.38
5.23

15.21

18.34

16.27

11.42
2.49
4.48
4.78
0.34
0.41
0.62
4.04
2.66
214
2.86
4.20
2.24
0.12

17.76

16.14
6.12
6.24
5.55

6.50

271
1.96
2.16
2.75
2.29
0.04
8.47
6.87
4.80
2.85
3.66
7.50
4.53
1.79
0.74
1.33
2.53
8.10
8.51
10.66
14.99
6.32
12.99
12.96
8.84
5.30
5.17
11.01

5.78

5.55
9.39
5.02
2.98
1.45
173
6.08
9.57
8.73
4.61
4.86
4.40
5.06
10.43
9.48
8.93
4.16
8.30
9.44
14.21
13.26
0.31
2.96
14.68
15.40
3.86
5.63
3.89

6.94

Motion C: Opal Sens Diff

11.93
5.00
0.04
9.50
9.70
8.88

12.23

12.95

11.79

12.64
3.02
0.45
1.05
6.13
4.04
2.86
6.09

13.62

12.61

10.85

10.23
6.04

17.23

16.87

16.51
8.91
0.00
6.41

8.49

Motion Cz Opal Sens Diff

11.59
5.00
0.04
9.21
9.27

10.59

12.23

13.22

11.79

15.29
3.02
0.45
0.08
6.76
5.27
5.86
7.34

14.55

12.61

14.47

11.86

18.06

18.05

17.39

19.80
4.34
4.70

10.70

9.77

15.43
6.50
13.38
3.55
1.74
7.24
8.03
2.74
6.26
7.98
2.92
4.57
9.94
6.94
13.27
11.89
11.89
9.32
6.25
0.58
4.30
17.46
19.90
18.54
16.37
177
4.58
2.28

8.41

11.77
11.60
2.77
3.16
3.80
3.21
1.16
1.98
0.80
6.57
0.64
3.86
4.04
6.78
7.37
9.11
1.04
3.56
4.08
0.34
0.87
18.50
16.17
13.11
12.43
2.72
6.05
7.28

5.88

3.50
1.50
13.34
5.95
7.96
1.65
4.20
10.21
5.53
4.66
0.10
4.12
8.89
0.81
9.23
9.03
5.80
4.30
6.36
10.27
5.93
11.42
2.67
1.67
0.14
7.14
4.58
4.13

5.54

0.18
6.60
2.73
6.05
5.47
7.38
11.07
11.24
10.99
8.72
2.38
3.41
3.96
0.02
2,11
3.25
6.30
10.99
8.53
14.13
10.99
0.44
1.88
4.28
7.37
1.62
1.36
3.43

5.60
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Table 11: Knee joint angles for second jump

Peak 2
LEFT X Y z
Subject  Trial Motion Ca Opal Sens¢Diff Motion Ca Opal Sens¢Diff Motion Ca Opal Sens¢ Diff
1 Trial 1 49.14 54.21 5.06 7.34 18.18 10.85 9.09 11.47 2.38
Trial 2 44.83 40.53 4.30 12.27 19.46 7.19 12.01 17.12 5.10
Trial 3 40.61 51.13 10.52 15.04 19.79 4.75 2.34 7.51 5.17
2 Trial 1 46.53 49.90 3.37 4.55 5.33 0.78 7.02 8.60 1.58
Trial 2 48.25 49.88 1.63 2.83 7.60 4.77 5.15 11.71 6.56
Trial 3 45.86 52.94 7.08 7.04 6.80 0.24 8.26 10.49 2.23
3 Trial 1 19.21 12.42 6.79 5.81 1.78 4.03 14.22 9.19 5.03
Trial 2 27.30 18.42 8.88 2.52 7.11 4.59 11.03 4,51 6.52
Trial 3 31.84 14.53 17.31 7.27 0.19 7.08 15.41 11.67 3.74
Trial 4 26.98 13.84 13.14 6.40 1.54 4.86 15.39 9.06 6.33
4 Trial 1 45.41 28.64 16.76 5.20 0.94 4.26 9.89 1.54 8.35
Trial 2 48.65 27.60 21.04 9.34 0.69 8.65 1.36 1.77 0.42
Trial 3 43.92 30.83 13.09 9.01 3.13 5.88 2.12 5.28 3.16
5 Trial 1 29.41 22.14 7.27 7.72 6.04 1.68 3.64 7.64 4.00
Trial 2 34.56 23.55 11.02 8.95 4.66 4.28 13.60 9.21 4.39
Trial 3 32.56 23.37 9.19 9.47 5.63 3.84 6.42 10.01 3.59
Trial 4 29.12 22.69 6.43 7.26 4.27 2.99 6.87 8.98 211
6 Trial 1 47.50 43.24 4.26 0.12 1.00 0.88 17.25 8.20 9.05
Trial 2 45.64 46.80 1.15 11.00 1.18 9.82 8.46 6.35 211
Trial 3 46.82 42.87 3.95 0.00 7.21 7.20 15.55 1.78 13.77
Trial 4 57.21 61.33 4.12 14.37 1.04 13.33 12.85 6.06 6.79
7 Trial 1 34.63 26.45 8.18 6.08 9.49 3.41 16.85 16.37 0.48
Trial 2 32.41 25.75 6.66 1.05 7.10 6.05 11.17 9.89 1.28
Trial 3 34.91 23.32 11.59 0.47 6.25 5.78 10.93 14.90 3.97
Trial 4 32.94 22.89 10.05 0.66 7.16 6.50 14.28 15.00 0.72
8 Trial 1 34.81 111 33.70 0.00 13.35 13.35 8.44 0.78 7.66
Trial 2 42.21 0.60 41.61 10.18 11.41 1.23 0.63 6.94 6.31
Trial 3 41.91 3.84 38.07 2.87 18.63 15.76 5.11 2.99 2,12
Average 39.11 29.82 11.65 6.24 7.03 5.86 9.48 8.39 4.46
Peak 2
RIGHT X Y z
Subject  Trial Motion Ca Opal Sens¢Diff Motion Ca Opal Sens¢Diff Motion Ca Opal Sens¢Diff
1 Trial 1 42.19 26.46 15.73 0.91 0.52 0.39 2.44 3.98 154
Trial 2 41.40 27.84 13.56 10.88 9.99 0.89 4.50 0.08 4.42
Trial 3 39.11 26.15 12.96 8.60 6.12 2.47 6.39 4.68 171
2 Trial 1 48.83 45.29 3.54 2.84 3.08 0.24 11.00 4.30 6.70
Trial 2 46.88 41.89 4.99 6.95 0.38 6.57 12.52 3.80 8.72
Trial 3 46.34 42.81 3.53 4.20 0.23 3.97 11.40 5.22 6.18
3 Trial 1 20.71 17.93 2.78 3.80 6.76 2.96 9.41 10.39 0.98
Trial 2 28.76 29.77 1.01 0.38 11.65 11.27 9.91 3.97 5.94
Trial 3 38.39 26.94 11.45 0.82 10.04 9.22 6.39 10.24 3.85
Trial 4 30.82 27.04 3.78 4.59 8.78 4.19 12.54 3.31 9.23
4 Trial 1 47.84 48.30 0.46 0.07 4.12 4.05 4.02 6.62 2.60
Trial 2 50.28 49.49 0.79 0.43 0.38 0.05 5.25 4.93 0.32
Trial 3 44.72 43.96 0.76 0.96 1.09 0.13 2.77 0.93 184
5 Trial 1 26.33 38.00 11.67 8.84 0.34 8.50 12.21 2.54 9.67
Trial 2 33.59 38.53 4.94 12.19 0.13 12.07 10.98 6.76 4.23
Trial 3 33.00 39.17 6.17 8.56 1.03 7.54 6.83 6.57 0.26
Trial 4 31.86 42.08 10.22 8.88 2.79 6.09 6.49 3.36 3.13
6 Trial 1 52.84 36.69 16.16 6.08 1.00 5.08 1.97 2.25 0.28
Trial 2 48.84 34.51 14.34 5.29 2.71 2.58 1.08 2.53 1.45
Trial 3 49.25 33.51 15.73 2.95 2.01 0.94 2.00 3.36 1.36
Trial 4 60.07 47.22 12.86 7.96 3.40 4.56 2.63 0.90 173
7 Trial 1 38.26 24.64 13.62 7.25 9.67 2.42 16.85 13.33 3.52
Trial 2 32.41 21.83 10.58 1.05 7.28 6.23 11.17 10.42 0.75
Trial 3 36.34 20.89 15.45 0.11 7.53 7.42 11.09 11.78 0.69
Trial 4 34.55 22.23 12.32 114 8.70 7.56 14.64 12.99 1.65
8 Trial 1 34.81 19.36 15.45 0.00 8.09 8.09 8.44 5.74 2.70
Trial 2 40.55 22.63 17.92 9.82 14.61 4.79 1.08 4.44 3.36
Trial 3 40.18 15.39 24.79 2.77 9.43 6.66 4.87 2.56 231
Average 39.97 32.52 9.91 4.58 5.07 4.89 7.53 5.43 3.25
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Table 12: Normalized knee joint angles for first jump

Peak 1
LEFT X Y Z
Subject Trial Motion Cz Opal Sens Diff Motion Cz Opal Sens Diff Motion Cz Opal Sens Diff
1 Trial 1 49.34 51.30 1.96 17.10 2.24 14.86 6.16 15.43 9.27
Trial 2 51.52 41.96 9.56 14.84 16.16 1.32 6.94 6.50 0.44
Trial 3 41.27 54.41 13.14 13.71 15.36 1.66 14.57 13.38 1.19
2 Trial 1 49.81 53.24 3.43 6.03 5.03 1.00 231 3.55 1.23
Trial 2 48.17 35.89 12.29 6.02 10.18 4.15 1.86 1.74 0.12
Trial 3 53.71 54.29 0.58 6.25 7.97 1.72 2.54 7.24 4.70
3 Trial 1 28.11 28.33 0.23 7.63 0.66 6.97 7.83 8.03 0.20
Trial 2 26.50 27.56 1.06 7.31 2.06 5.25 9.10 2.74 6.36
Trial 3 28.19 25.81 2.38 6.40 2.74 3.66 7.87 6.26 1.61
Trial 4 25.04 27.07 2.03 7.42 6.30 1.12 10.65 7.98 2.67
4 Trial 1 41.00 23.02 17.98 4.95 3.69 1.26 11.69 2.92 8.77
Trial 2 46.58 3141 15.17 6.32 1.38 4.94 12.90 4.57 8.33
Trial 3 49.35 34.92 14.43 7.00 5.68 1.32 12.10 9.94 2.16
5 Trial 1 33.69 26.43 7.26 12.57 15.86 3.29 11.25 6.94 4.32
Trial 2 34.63 26.58 8.05 10.20 10.68 0.48 8.22 13.27 5.05
Trial 3 42.44 30.96 11.48 12.39 12.04 0.34 7.32 11.89 4.57
Trial 4 31.17 30.96 0.21 8.83 12.04 3.21 8.22 11.89 3.67
6 Trial 1 54.65 61.26 6.61 3.40 2.32 1.08 5.00 9.32 4.32
Trial 2 51.91 57.31 5.40 12.16 3.07 9.09 1.70 6.25 4.55
Trial 3 52.29 48.44 3.85 13.47 4.43 9.04 0.19 0.58 0.39
Trial 4 55.45 63.23 7.78 14.75 2.07 12.68 1.40 4.30 2.90
7 Trial 1 40.66 33.19 7.48 7.72 14.72 6.99 6.04 17.46 11.42
Trial 2 42.64 32.19 10.45 213 15.21 13.08 11.32 19.90 8.58
Trial 3 39.21 34.60 4.60 1.02 14.14 13.12 11.40 18.54 7.15
Trial 4 45.18 33.66 11.53 1.08 11.10 10.02 13.17 16.37 3.20
8 Trial 1 36.79 4.59 32.20 1.22 5.43 4.21 3.01 1.77 1.24
Trial 2 34.96 6.63 28.33 5.90 11.62 5.72 7.68 4.58 3.10
Trial 3 36.83 6.08 30.76 3.30 14.23 10.94 5.53 2.28 3.25
Average 41.82 35.19 9.65 7.90 8.16 5.45 7.43 8.41 4.10
Peak 1
RIGHT X Y z
Subject Trial Motion Cz Opal Sens Diff Motion Cz Opal Sens Diff Motion Cz Opal Sens Diff
1 Trial 1 36.91 35.20 171 12.35 10.09 2.26 7.95 11.77 3.82
Trial 2 49.29 44.98 4.31 14.25 8.73 5.52 7.09 11.60 4.51
Trial 3 28.37 32.65 4.28 13.71 8.18 5.53 14.57 2.77 11.81
2 Trial 1 43.75 47.37 3.63 7.59 4.98 2.61 7.13 3.16 3.97
Trial 2 43.54 41.89 1.65 5.22 0.38 4.84 5.61 3.80 1.82
Trial 3 44.65 47.76 3.11 8.09 5.23 2.86 5.76 3.21 2.55
3 Trial 1 51.79 37.83 13.96 10.95 15.21 4.26 0.77 1.16 0.39
Trial 2 50.94 44.73 6.21 7.82 18.34 10.52 0.65 1.98 1.33
Trial 3 51.37 34.25 17.12 7.58 16.27 8.69 0.01 0.80 0.79
Trial 4 47.57 37.00 10.57 8.75 11.42 2.67 3.53 6.57 3.04
4 Trial 1 42.67 51.77 9.10 3.37 2.49 0.89 4.71 0.64 4.07
Trial 2 41.20 49.35 8.15 0.91 4.48 3.57 11.72 3.86 7.86
Trial 3 40.60 49.21 8.61 4.51 4.78 0.27 1.83 4.04 2.21
5 Trial 1 35.49 40.87 5.38 10.14 0.34 9.81 12.97 6.78 6.19
Trial 2 36.84 42.14 5.30 9.50 0.41 9.09 12.89 7.37 5.52
Trial 3 36.03 44.49 8.46 9.32 0.62 8.70 11.99 9.11 2.88
Trial 4 33.26 48.14 14.88 7.99 4.04 3.95 12.92 1.04 11.88
6 Trial 1 49.30 32.39 16.91 8.51 2.66 5.85 5.08 3.56 1.52
Trial 2 40.89 56.24 15.35 6.22 214 4.08 4.40 4.08 0.32
Trial 3 43.00 52.79 9.79 8.16 2.86 5.30 4.66 0.34 4.32
Trial 4 44.43 56.10 11.67 7.81 4.20 3.61 2.33 0.87 1.46
7 Trial 1 41.95 44.87 2.92 1.26 2.24 0.98 13.98 18.50 4.52
Trial 2 45.62 44.10 1.51 2.62 0.12 2.51 13.47 16.17 2.69
Trial 3 42.90 41.77 1.13 2.07 17.76 15.69 13.77 13.11 0.66
Trial 4 45.18 40.17 5.01 1.08 16.14 15.06 13.17 12.43 0.74
8 Trial 1 39.84 27.29 12.55 21.31 6.12 15.19 9.18 2.72 6.46
Trial 2 38.72 13.93 24.79 1.14 6.24 5.11 8.43 6.05 2.38
Trial 3 40.47 23.99 16.48 1.61 5.55 3.94 8.32 7.28 1.05
Average 42.38 41.55 8.73 7.28 6.50 5.83 7.82 5.88 3.60
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Table 13: Normalized knee joint angles for second jump

LEFT X
Subject Trial
1 Trial 1
Trial 2
Trial 3
2 Trial 1
Trial 2
Trial 3
3 Trial 1
Trial 2
Trial 3
Trial 4
4 Trial 1
Trial 2
Trial 3
5 Trial 1
Trial 2
Trial 3
Trial 4
6 Trial 1
Trial 2
Trial 3
Trial 4
7 Trial 1
Trial 2
Trial 3
Trial 4
8 Trial 1
Trial 2
Trial 3

Average

RIGHT X
Subject Trial
1 Trial 1
Trial 2
Trial 3
2 Trial 1
Trial 2
Trial 3
3 Trial 1
Trial 2
Trial 3
Trial 4
4 Trial 1
Trial 2
Trial 3
5 Trial 1
Trial 2
Trial 3
Trial 4
6 Trial 1
Trial 2
Trial 3
Trial 4
7 Trial 1
Trial 2
Trial 3
Trial 4
8 Trial 1
Trial 2
Trial 3

Average

Motion Cz Opal Sens Diff

41.46
38.42
36.49
45.92
47.14
46.67
16.12
27.23
28.24
23.30
23.86
28.80
48.23
28.00
30.68
29.32
25.72
26.42
42.27
57.48
53.34
31.08
30.42
33.04
34.07
32.60
38.28
37.96

35.09

Motion Cz Opal Sens Diff

21.38
23.81
22.84
26.24
48.48
47.32
18.63
29.53
34.83
27.68
44.21
44.14
42.15
25.15
30.68
30.42
28.29
21.46
46.41
49.94
60.74
34.59
34.40
35.69
34.07
35.91
39.42
38.58

34.89

54.21
40.53
51.13
49.90
49.88
52.94
12.42
18.42
14.53
13.84
28.64
27.60
30.83
22.14
23.55
23.37
22.69
43.24
46.80
42.87
61.33
26.45
25.75
23.32
22.89

111

0.60

3.84

29.82

26.46
27.84
26.15
45.29
41.89
42.81
17.93
29.77
26.94
27.04
48.30
49.49
43.96
38.00
38.53
39.17
42.08
36.69
34.51
33.51
47.22
24.64
21.83
20.89
22.23
19.36
22.63
15.39

32.52

12.75
211
14.64
3.98
2.74
6.27
3.70
8.81
13.71
9.46
4.79
119
17.40
5.86
7.13
5.95
3.03
16.82
4.53
14.61
7.99
4.63
4.67
9.72
11.17
31.49
37.68
34.12

10.75

5.08
4.03
3.31
19.05
6.59
4.51
0.70
0.24
7.89
0.64
4.09
5.35
1.80
12.85
7.85
8.75
13.79
15.23
11.91
16.43
13.53
9.95
12.57
14.80
11.83
16.54
16.79
23.19

9.62

Peak 2

Motion Cz Opal Sens Diff

13.20
13.88
13.66
5.60
6.24
5.30
4.93
2.62
6.71
5.69
7.28
7.16
6.97
7.01
9.51
8.65
6.84
0.97
9.80
18.73
13.37
1.38
1.94
1.96
0.57
0.53
9.59
2.92

6.89

Peak 2

Motion Cz Opal Sens Diff

11.66
15.34
0.00
7.00
5.76
6.02
3.27
0.22
0.75
4.21
0.04
1.27
0.90
8.57
11.25
8.21
1.77
3.35
4.87
0.66
7.95
0.37
2.72
1.04
0.57
19.58
1.47
1.81

4.88

18.18
19.46
19.79
5.33
7.60
6.80
1.78
7.11
0.19
1.54
0.94
0.69
3.13
6.04
4.66
5.63
4.27
1.00
118
7.21
1.04
9.49
7.10
6.25
7.16
13.35
1141
18.63

7.03

0.52
9.99
6.12
3.08
0.38
0.23
6.76
11.65
10.04
8.78
4.12
0.38
1.09
0.34
0.13
1.03
2.79
1.00
271
2.01
3.40
9.67
7.28
7.53
8.70
8.09
14.61
9.43

5.07

4.99
5.58
6.13
0.27
136
1.50
3.15
4.49
6.52
4.15
6.34
6.48
3.84
0.97
4.85
3.02
2.57
0.03
8.62
11.52
12.33
8.11
5.16
4.29
6.59
12.82
1.82
15.71

5.47

11.13
5.35
6.12
3.92
5.38
5.79
3.49

11.42
9.29
4.57
4.08
0.89
0.19
8.23

11.12
7.18
4.99
2.35
2.16
135
4.55
9.31
4.56
6.49
8.13

11.49

13.14
7.62

6.23

Motion Cz Opal Sens Diff

10.41
9.08
13.95
20.88
22.59
20.76
12.02
3.04
11.07
12.27
9.66
11.59
12.95
8.27
9.13
10.18
9.63
5.20
110
3.70
0.49
8.62
7.65
8.42
10.90
1.05
11.20
5.03

9.67

Motion Cz Opal Sens Diff

13.25
4.28
0.00
7.44
4.89
5.49
3.25
3.59
2.33
4.45
6.57
7.33
4.34

16.01

15.55

12.10

13.14

12.00
6.80
4.18
4.99

12.30
9.98

12.33

10.90
7.57
7.91
8.29

7.90

11.47
17.12
7.51
8.60
11.71
10.49
9.19
4.51
11.67
9.06
1.54
177
5.28
7.64
9.21
10.01
8.98
8.20
6.35
1.78
6.06
16.37
9.89
14.90
15.00
0.78
6.94
2.99

8.39

3.98
0.08
4.68
4.30
3.80
5.22
10.39
3.97
10.24
331
-6.62
4.93
0.93
2.54
6.76
6.57
3.36
2.25
2.53
3.36
0.90
13.33
10.42
11.78
12.99
5.74
4.44
2.56

4.95

1.06
8.04
6.44
12.28
10.88
10.27
2.83
1.47
0.60
3.21
8.12
9.82
7.67
0.63
0.08
0.17
0.64
3.00
5.25
1.92
5.57
7.75
2.24
6.48
4.10
0.26
4.26
2.04

4.54

9.27
4.19
4.68
3.14
1.09
0.27
7.14
0.38
7.91
114
13.19
2.40
3.41
13.47
8.79
5.53
9.79
9.75
4.28
0.81
4.09
1.03
0.44
0.55
2.09
183
3.47
5.73

4.64
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Table 14: Average difference for first jump

Average Difference- Peak 1

Left Right
Flexion/extensi | Abduction/Adducti | Internal/extern | Flexion/extensi | Abduction/Adducti | Internal/extern
on on al rotation on on al rotation
W/O W/ W/O W/ W/O W/ W/O W/ W/O W/ W/O W/
norm norm norm norm norm norm

10.96° | 9.65° 5.78° 5.45° 5.76° | 4.10° | 8.13° | 8.73° 6.94° 5.48° 5.60° | 3.60°

Table 15: Average difference for second jump

Average Difference- Peak 2

Left Right
Flexion/extensi | Abduction/Adducti | Internal/extern | Flexion/extensi | Abduction/Adducti | Internal/extern
on on al rotation on on al rotation
W/O W/ W/O W/ W/O W/ W/O W/ W/O W/ W/O W/
norm norm norm norm norm norm

11.65° | 10.75° | 5.86° 5.47° 4.46° | 4.54° | 9.91° | 9.62° 4.89° 6.23° | 3.54° | 4.64°

4.1.2 Run Results

The average difference of knee flexion between both the systems during running was 14.60° for
left leg and 17.60° for the right leg (Table 20). The average difference for abduction was 6.97° and
6.75° for left and right legs (Table 20). The average difference for internal rotation was 5.05°and
4.40° for left and right leg. After applying the normalization method the average differences were
found to be 14.30° and 14.78° for knee flexion angles for left and right legs respectively (Table
20). Normalization greatly improved accuracy for the right leg. The average difference for
abduction angle was 7.97° and 5.80° for left and right leg (Table 20). The average difference for
internal rotation was 6.60° and 5.69° for the left and right leg between the wearable sensors and

the motion capture system.

After using the normalizing method to compute the joint angles, the jump results (Table 12 and

Table 13) did not show a great improvement but the run results (Table 16 and Table 17) showed a
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good improvement for most of the subjects. For the left leg, the flexion angles for subjects 2, 5, 6

and 7 were similar between the two systems before normalization. Whereas, differences were

larger for subjects 1, 3, 4 and 8. After normalization, data were improved for subject 4 but only

slightly improved for the other subjects. For the right leg, flexion angles were similar between the

two systems for subjects 1, 4, 5 and 7. Whereas, for subjects 2, 3, 6 and 8 there was a larger

discrepancy.
Table 16: Knee joint angles for run (Left leg)
LEFT X v
Subject Trial Motion Capture Opal Sensors Diff Motion Capture Opal Sensors Diff Motion Capture Opal Sensors Diff
1 Triall 43.75 43.90 0.15 9.41 11.95 2.54 6.44 7.42 0.98
Trial2 32.17 46.12 13.95 1.66 0.63 1.03 13.10 5.01 8.09
Trial3 42.14 42.72 0.58 0.77 13.02 12.25 10.01 5.77 4.24
Triald 36.75 49.86 13.11 0.41 1.23 0.82 13.63 13.24 0.39
2 Triall 47.04 42.23 4.81 9.33 15.89 6.56 6.88 13.14 6.26
Trial2 43.64 43.63 0.01 0.95 18.62 17.67 5.30 12.51 7.21
Trial3 51.09 38.82 12.27 8.54 3.18 5.36 7.14 18.41 11.27
Trial4 43.00 45.39 2.39 3.03 17.14 14.11 4.67 14.26 9.59
3 Triall 36.73 37.02 0.29 0.64 5.86 5.22 15.46 5.92 9.54
Trial2 31.20 17.45 13.75 2.92 9.93 7.01 6.62 10.31 3.69
Trial3 34.63 17.89 16.74 0.72 6.64 5.92 15.13 9.29 5.84
Trial4 24.35 12.96 11.39 0.41 9.78 9.37 5.23 14.77 9.54
4 Triall 43.19 7.03 36.16 9.12 8.74 0.38 1.97 0.32 1.65
Trial2 50.13 5.55 44.58 12.84 8.13 4.71 0.04 1.41 1.37
Trial3 46.49 12.57 33.92 14.91 7.80 7.11 0.75 2.05 1.30
5 Triall 46.98 38.28 8.70 15.53 18.64 3.11 0.84 2.94 2.10
Trial2 39.92 41.88 1.96 8.29 19.39 11.10 1.03 12.60 11.57
Trial3 40.27 27.34 12.93 8.67 14.40 5.73 0.87 9.07 8.20
Trial4 32.90 26.28 6.62 5.86 9.25 3.39 7.83 6.68 1.15
6 Triall 36.05 26.44 9.61 9.21 0.59 8.62 7.72 4.52 3.20
Trial2 36.32 27.60 8.72 10.36 9.96 0.40 1.22 12.17 10.95
Trial3 40.24 27.31 12.93 9.03 4.10 4,93 9.80 9.41 0.39
7 Triall 27.82 28.63 0.81 1.68 15.24 13.56 15.72 14.33 1.39
Trial2 46.51 25.40 21.11 4.31 10.49 6.18 17.11 11.73 5.38
Trial3 39.99 13.56 26.43 4.51 12.25 7.74 13.42 7.59 5.83
Trial4 42.45 28.33 14.12 5.65 12.51 6.86 13.97 11.32 2.65
8 Triall 27.98 5.10 22.88 1.49 10.81 9.32 5.14 1.94 3.20
Trial2 35.31 1.33 33.98 3.33 10.85 7.52 6.22 2.80 3.42
Trial3 31.98 4.26 27.72 1.50 7.60 6.10 8.61 3.30 5.31
Trial4 29.79 4,52 25.27 2.08 16.64 14.56 5.95 0.13 5.82
Average 38.69 26.31 14.60 5.57 10.38 6.97 7.59 8.15 5.05
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Table 17: Knee joint angles for run (right leg)

RIGHT X A z
Subject  Trial Motion Capture Opal Sensors Diff Motion Capture Opal Sensors Diff Motion Capture Opal Sensors Diff
1 Triall 39.33 32.56 6.77 1.60 18.63 17.03 191 8.50 6.59
Trial2 42.95 31.09 11.86 4.95 9.48 4.53 0.79 7.21 6.42
Trial3 34.31 24.37 9.94 2.90 8.04 5.14 0.97 0.58 0.39
Trial4 33.18 19.33 13.85 3.75 14.42 10.67 0.86 2.82 1.96
2 Triall 45.39 28.02 17.37 9.46 10.91 1.45 1.95 438 2.43
Trial2 44.37 18.04 26.33 3.21 11.13 7.92 0.18 0.51 0.33
Trial3 46.66 16.77 29.89 1.17 9.50 8.33 2.84 3.89 1.05
Triald 42.87 17.35 25.52 0.73 7.80 7.07 2.02 7.15 5.13
3 Triall 32.91 35.22 231 3.67 11.51 7.84 5.21 9.02 3.81
Trial2 27.81 28.35 0.54 4.45 12.28 7.83 1.88 2.03 0.15
Trial3 33.91 32.45 1.46 6.39 15.85 9.46 0.14 10.08 9.94
Trial4 26.20 29.78 3.58 4.00 17.82 13.82 1.60 2,11 0.51
4 Triall 37.34 24.24 13.10 0.08 11.21 11.13 4.90 4.23 0.67
Trial2 47.39 20.12 27.27 5.11 7.91 2.80 10.95 0.96 9.99
Trial3 44.75 18.29 26.46 0.14 9.53 9.39 7.04 12.95 5.91
5 Triall 45.13 29.26 15.87 18.84 0.15 18.69 10.33 10.82 0.49
Trial2 48.22 14.25 33.97 14.53 0.01 14.52 5.40 132 4.08
Trial3 41.54 21.81 19.73 11.52 5.10 6.42 9.12 2.97 6.15
Triald 35.22 11.59 23.63 10.44 1.98 8.46 6.84 4.46 2.39
6 Triall 42.85 22.32 20.53 3.41 1.64 1.77 13.06 9.85 3.21
Trial2 41.44 17.71 23.73 2.02 249 0.47 6.65 11.36 4.71
Trial3 42.61 28.69 13.92 0.81 6.66 5.85 7.50 12.65 5.15
7 Triall 47.24 22.59 24.65 4.60 9.44 4.84 20.02 13.20 6.82
Trial2 45.28 22.32 22.96 5.79 9.52 3.73 15.53 9.91 5.62
Trial3 49.89 20.79 29.10 5.00 8.95 3.95 18.10 8.43 9.67
Trial4 46.48 23.50 22.98 5.43 9.23 3.80 16.35 3.67 12.68
8 Triall 28.93 11.73 17.20 0.16 1.10 0.94 8.86 3.65 5.21
Trial2 34.61 16.36 18.25 248 4.62 2.14 7.88 3.56 4.32
Trial3 30.71 19.63 11.08 0.24 2.67 243 6.30 2.02 4.28
Trial4 30.09 15.48 14.61 0.18 0.01 0.17 4.46 2.59 1.87
Average 39.65 22.47 17.62 4.57 7.99 6.75 6.65 5.90 4.40
Table 18: Normalized knee joint angles for run (left leg)
LEFT X \'m .
Subject  Trial Motion Capture Opal Sensors Diff Motion Capture Opal Sensors  Diff Motion Capture Opal Sensors  Diff
1 Triall 29.10 43.90 14.80 5.60 11.95 6.35 6.51 7.42 0.91
Trial2 33.41 46.12 12.71 6.47 0.63 5.84 17.29 5.01 12.28
Trial3 31.98 42.72 10.74 3.46 13.02 9.56 0.65 5.77 5.12
Triald 36.55 49.86 13.31 4.36 1.23 3.13 11.48 13.24 1.76
2 Triall 47.04 42.23 4.81 9.34 15.89 6.55 6.89 13.14 6.25
Trial2 43.65 43.63 0.02 0.95 18.62 17.67 5.31 12.51 7.20
Trial3 51.10 38.82 12.28 8.54 3.18 5.36 7.15 18.41 11.26
Triald 43.00 45.39 2.39 3.03 17.14 14.11 4.68 14.26 9.58
3 Triall 37.10 37.02 0.08 1.67 5.86 4.19 0.94 5.92 4.98
Trial2 30.90 17.45 13.45 0.10 9.93 9.83 0.39 10.31 9.92
Trial3 31.45 17.89 13.56 0.03 6.64 6.61 248 9.29 6.81
Triald 23.12 12.96 10.16 0.08 9.78 9.70 1.54 14.77 13.23
4 Triall 44.61 7.03 37.58 6.06 8.74 2.68 14.17 0.32 13.85
Trial2 45.52 5.55 39.97 6.43 8.13 1.70 14.45 141 13.04
Trial3 48.77 12.57 36.20 12.31 7.80 4.51 19.80 2.05 17.75
5 Triall 43.72 38.28 5.44 13.35 18.64 5.29 8.20 2.94 5.26
Trial2 36.90 41.88 4.98 7.06 19.39 12.33 4.37 12.60 8.23
Trial3 37.40 27.34 10.06 6.94 14.40 7.46 4.41 9.07 4.66
Trial4 30.56 26.28 4.28 3.54 9.25 5.71 2.74 6.68 3.94
6 Triall 33.37 26.44 6.93 6.33 0.59 5.74 1.99 4.52 2.53
Trial2 32.75 27.60 5.15 4.20 9.96 5.76 0.05 12.17 12.12
Trial3 37.77 27.31 10.46 9.71 4.10 5.61 3.68 9.41 5.73
7 Triall 32.33 28.63 3.70 0.03 15.24 15.21 11.68 14.33 2.65
Trial2 42.36 25.40 16.96 1.02 10.49 9.47 12.05 11.73 0.32
Trial3 36.78 13.56 23.22 3.49 12.25 8.76 7.62 7.59 0.03
Triald 38.31 28.33 9.98 3.45 12.51 9.06 8.48 11.32 2.84
8 Triall 26.17 5.10 21.07 0.64 10.81 10.17 5.01 194 3.07
Trial2 33.11 1.33 31.78 1.95 10.85 8.90 5.26 2.80 2.46
Trial3 31.20 4.26 26.94 0.95 7.60 6.65 7.52 3.30 4.22
Triald 30.52 4.52 26.00 1.60 16.64 15.04 5.99 0.13 5.86
Average 36.68 26.31 14.30 4.42 10.38 7.97 6.76 8.15 6.60
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Table 19: Normalized knee joint angles for run (right leg)

RIGHT X Y 4
Subject Trial Motion Capture Opal Sensors  Diff Motion Capture Opal Sensors  Diff Motion Capture Opal Sensors  Diff
1 Triall 33.79 32.56 123 10.40 18.63 8.24 2.95 8.50 5.55
Trial2 36.86 31.09 5.77 12.69 9.48 3.21 6.57 7.21 0.64
Trial3 35.64 24.37 11.27 11.19 8.04 3.15 7.36 0.58 6.78
Triald4 31.09 19.33 11.76 9.85 14.42 4.57 5.48 2.82 2.65
2 Triall 38.12 28.02 10.11 9.46 10.91 1.45 6.51 4.38 213
Trial2 35.76 18.04 17.72 5.29 11.13 5.83 7.36 0.51 6.85
Trial3 34.42 16.77 17.65 9.51 9.50 0.01 9.45 3.89 5.56
Triald 37.98 17.35 20.63 5.21 7.80 2.59 2.85 7.15 4.30
3 Triall 32.24 35.22 2.98 3.28 11.51 8.23 6.68 9.02 2.35
Trial2 29.61 28.35 1.26 3.70 12.28 8.58 6.91 2.03 4.88
Trial3 36.55 32.45 4.11 6.09 15.85 9.76 8.70 10.08 1.38
Triald 24.84 29.78 4.94 3.20 17.82 14.62 7.33 211 5.22
4 Triall 34.56 24.24 10.32 1.19 11.21 10.02 7.12 4,23 2.89
Trial2 34.48 20.12 14.36 4.21 7.91 3.69 2.34 0.96 1.38
Trial3 42.48 18.29 24.20 0.67 9.53 8.85 5.82 12.95 7.14
5 Triall 39.73 29.26 10.47 16.97 0.15 16.82 20.62 10.82 9.80
Trial2 44.43 14.25 30.18 14.12 0.01 14.11 16.27 1.32 14.94
Trial3 40.45 21.81 18.64 10.97 5.10 5.87 16.74 2.97 13.77
Triald 40.01 11.59 28.42 10.54 1.98 8.56 0.08 4.46 4.37
6 Triall 38.24 22.32 15.92 5.13 1.64 3.49 1.24 9.85 8.61
Trial2 41.26 17.71 23.55 2.09 2.49 0.40 2.23 11.36 9.13
Trial3 40.61 28.69 11.92 1.34 6.66 5.32 231 12.65 10.34
7 Triall 44.77 22.59 22.19 2.59 9.44 6.86 12.64 13.20 0.57
Trial2 43.16 22.32 20.84 5.29 9.52 4.24 8.76 9.91 1.15
Trial3 47.47 20.79 26.68 4.94 8.95 4.01 11.31 8.43 2.88
Trial4 44.17 23.50 20.67 5.00 9.23 4.23 9.16 3.67 5.49
8 Triall 28.65 11.73 16.92 0.52 1.10 0.58 13.06 3.65 9.41
Trial2 31.78 16.36 15.42 0.66 4.62 3.96 11.84 3.56 8.28
Trial3 29.93 19.63 10.30 0.75 2.67 1.92 8.40 2.02 6.38
Triald 28.41 15.48 12.93 0.97 0.01 0.96 8.31 2.59 5.72
Average 36.72 22.47 14.78 5.93 7.99 5.80 7.88 5.90 5.69
Table 20: Average difference for run
Average Difference- Run
Left Right
Flexion/extensi | Abduction/Adducti | Internal/extern | Flexion/extensi | Abduction/Addu | Internal/external
on on al rotation on ction rotation
W/O W/ W/O W/norm | W/O W/ W/O W/ W/O | W/nor W/O W/nor
norm norm norm m m
14.60° | 14.30° 6.97° 7.97° 5.05° | 6.60° | 17.62° | 14.78° | 6.75° 5.80° 4.40° 5.69°

4.2 Vertical Ground reaction force vs Tibial Acceleration

4.2.1 Jump Results

Figures 38(a) and (b) show scatter plots of the linear function for acceleration and the

corresponding vertical peak ground reaction force for all the eight subjects during jump trials for

both left and right legs. The maximum peak ground reaction force upon landing resulting from
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jump trials varied from subject to subject and ranged between 0.59 to 3.11 times body weight for
left leg and 0.14 to 3.64 times the subject’s body weight for right leg (Figure 38). The minimum
peak tibial acceleration varied from subject to subject, ranging from 2.58g to 26.55¢g (Figure 38
(a)) for left leg jump activity, and 2.08g to 22.75g (Figure 38 (b)) for right leg jump activity. For
the subjects 1, 2 and 4 out of the four trials only three jump trials were used as there was a technical

error in editing.
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Figure 38: (a) Correlation between peak vertical GRF (BW) and Peak Vertical Acceleration Left Leg
jump trial

Right leg

Acceleration (g)

Figure 38: (b) Correlation between peak vertical GRF (BW) and Peak Vertical Acceleration Right Leg

jump trial

Table 21: Correlation between GRF vs tibial acceleration for left and right leg for eight subjects jump

Left Leg (R?) | Right Leg (R?)
0.213 0.1852
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We also looked at each subject’s data individually, where the ground reaction force from the force
plates was compared to the tibial acceleration (Figure 39 (a)-(h)). There was a weak correlation r?
=0.213 and r= = 0.1852 for left leg and right legs respectively between peak GRF (%BW) and
peak tibial acceleration when the data for all eight subjects was combined during a jump activity
(Figure 38 (a)and(b) and Table 21). The correlation between peak GRF (%BW) and peak tibial
acceleration was observed for each subject individually and the correlation for subject 1, left and
right leg was r* = 0.44 and r= = 0.88 (Table 22). Subject 2 showed a strong correlation for both left
and right legs, r* = 0.89 and r? = 0.91 (Table 22). Subject 3 also showed a weak correlation between
both the legs r= = 0.35 for left leg and r* = 0.27 for right leg. Subject 4 showed a strong relation
between both the left and right leg r> = 0.80 and r?> = 0.86 respectively. There was a weak
correlation observed for subject 5 for both the left and right leg r* = 0.48 and r= = 0.60. While
subject 6, 7 and 8 had a strong correlation for both left and right legs with correlation values r* =
0.87 for left leg and r?> = 0.78 for right leg for subject 6, r> = 0.86 for left leg and 1> = 0.72 for right
leg for subject 7 and 12 = 0.80 for left leg and r> = 0.90 for right leg for subject 8 (Table 22).

Subject 1 Left Leg Subject 1 Right Leg
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Figure 39: (a)
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4 4
= = .e
82 * o B2 .9
e e
Goe G0e
0 5 10 0 5 10
Acceleration (g) Acceleration (g)

Figure 39: (b)
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Subject 6 Left Leg Subject 6 Right Leg
3
52
0e
0 5 10 15
Acceleration (g)

Figure 39: (f)

53




Subject 7 Left Leg Subject 7 Right Leg
35 3
2 2 - * s =
= 2 -~ L ]
z ; 4. é : ®
e ° & 15 o
& 15 ' -
G 3 ) 1 =
05 | 05
0e 0e
0 5 10 15 0 B 10 15
Acceleration (g) Acceleration (g)
Figure 39: (g)
Subject 8 Left Leg Subject 8 Right Leg
3 35
25 S 3 ‘e
s 2 o M o ng I
235 b 2
ry & 15
& 1 I
05 | 05
0e 0«
0 5 10 15 20 0 5 10 15
Acceleration (g) | Acceleration (g)

Figure 39: (h)
Figure 39: Correlation between peak vertical GRF (BW) and peak vertical acceleration for eight subjects
(a) Subject 1; (b) Subject 2; (c) Subject 3; (d) Subject 4; (e) Subject 5; (f) Subject 6; (g) Subject 7; (h)
Subject (8); jump trials

The calculated correlation value (R?) for all the eight subjects for left and right legs has been
given in the Table 22.

Table 22: Correlation Values for Jump Trials

Subject Left Right Leg
Leg
1 0.44 0.88
2 0.89 0.91
3 0.35 0.27
4 0.80 0.86
5 0.48 0.60
6 0.87 0.78
7 0.86 0.72
8 0.80 0.90
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4.2.2 Run Results

Figures 40 (a) and (b) show scatter plots of the linear function for acceleration and the
corresponding vertical peak ground reaction force for all the eight subjects during a run trial for
both left and right legs. The maximum peak ground reaction force upon landing resulting from run
trials varied from subject to subject and ranged between 1.28 to 2.18 times body weight for left
leg and 1.25 to 2.41 times the subject’s body weight for right leg (Figure 40). The minimum peak
tibial acceleration varied from subject to subject, ranging from 3.2g to 11.58g (Figure 40 (a)) for
left leg run activity, and 3.20g to 13.6g (Figure 40 (b)) for right leg run activity. Out of the four
trials for each subject, only three trials were used for subjects 1, 4 and 6 as the sensors failed to
generate the acceleration output for these subjects, hence those trials were not used. There was a
weak correlation r> = 0.06 and r> = 0.03 for left leg and right legs respectively between peak GRF
(%BW) and peak tibial acceleration when data for all eight subjects was combined during a run
activity (Figure 46 (a)and(b) and Table 23).

Left leg

GRF (BW)
«

0 5 10 15

Acceleration (g)

Figure 40: (a) Correlation between peak vertical GRF (BW) and peak vertical acceleration for eight
subjects for a run trial, Left Leg

Right leg

GRF (BW)

Acceleration (g)

Figure 40: (b) Correlation between peak vertical GRF (BW) and peak vertical acceleration for eight
subjects for a run trial, Right Leg
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Table 23: Correlation between GRF vs tibial acceleration for left and right leg for eight subjects run trials

Left Leg (R?) | Right Leg (R?)
0.0673 0.0357

The correlation between peak GRF (%BW) and peak tibial acceleration for each subject
individually was also observed (Figure 41 (a)-(h)). The correlation between peak GRF (%BW)
and peak tibial acceleration for subject 1 left and right leg was r= = 0.43 (Table 24). While the
correlation values for subject 1 left leg was strong, the correlation for right leg was weak for the
same subject during a run activity. Subject 2 showed a strong correlation for left leg, r*> = 0.96 and
2 = 0.62 for right leg (Table 24). Subject 3 also showed a strong correlation for the left leg 12 =
0.98 and r* = 0.60 for right leg. Subject 4 showed a strong relation r= = 0.92 and r* = 0.84 between
both the left and right legs respectively. While subject 5, 6, 7 and 8 had a strong correlation for
both left and right legs. The correlation values being = = 0.80 for left leg and r= = 0.84 for right
leg for subject 5, r> = 0.95 for left leg and 12 = 0.96 for right leg for subject 6, r> = 0.97 for left leg
and r? = 0.91 for right leg for subject 7 and 12 = 0.98 for left leg and r> = 0.95 for right leg for
subject 8 (Table 24).

The calculated correlation value (R?) for all the eight subjects for left and right legs has been
given in the Table 24 for a run trial.

Table 24: Correlation Values for Run trials

Subject Left Leg Right Leg
1 0.92 0.43
2 0.96 0.62
3 0.98 0.60
4 0.92 0.84
5 0.80 0.84
6 0.95 0.96
7 0.97 0.91
8 0.98 0.95

While the peak ground reaction force and the tibial acceleration was strongly correlated for three

of the male subjects (Subjects 6, 7 and 8) for both left and right legs, and subject 5’s correlation
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was not so strong or weak, it was moderate. The correlation between the ground reaction force and
the tibial acceleration was strong for both left and right legs for all the four male subjects during
running. While the correlation varied among the female subjects. Subject 1 showed a strong
correlation for left leg and a weak correlation for right leg. Subjects 2 and 3 showed a strong
correlation for left leg and a moderate correlation for the right leg. While subjects 4-8 showed a
strong correlation for both the legs. Among all the four female subjects only one subject (Subject

4) showed a strong correlation for both the legs.
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Figure 41: Correlation between peak vertical GRF (BW) and peak vertical acceleration for eight subjects

(a) Subject 1; (b) Subject 2; (c) Subject 3; (d) Subject 4; (e) Subject 5; (f) Subject 6; (g) Subject 7; (h)
Subject (8) run trial
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4.2.3 Estimated Ground Reaction Force

The estimated ground reaction force has been calculated as a percentage of body weight from the
equations obtained by plotting the tibial acceleration vs GRF (%BW).

The equation is in the form of: y = mx + ¢, where y = the estimated body weight, m = slope of
the line, x = tibial acceleration and ¢ = constant

The Tables 25-28 with estimated or calculated ground reaction force are given as follows:

Table 25: Estimated GRF for Left leg (Jump trials)

Left
Subject Trial Acceleration GRF(% BW) Calculated GRF Diff

1 Trial 1 Jumpl 10.27 2.84 175 1.09
Trial 2 9.24 1.63 1.67 0.03
Trial 3 12.35 2.79 193 0.86
Trial 1Jump2 7.80 1.68 155 0.13
Trial 2 5.91 1.00 139 039
Trial 3 26.55 2.35 311 0.76
2 Trial 1Jumpl 6.33 1.83 162 0.21
Trial 2 7.53 1.79 191 0.12
Trial 3 6.58 2.02 1.68 0.33
Trial 1Jump2 8.27 1.69 2.09 0.40
Trial 2 8.43 2.09 213 0.04
Trial 3 8.43 2.24 213 011
3 Trial 1Jumpl 9.97 3.12 213 0.99
Trial 2 7.66 213 179 0.34
Trial 3 10.66 2.38 224 014
Trial 4 8.17 241 1.86 0.55
Trial 1Jump2 10.19 1.87 217 0.30
Trial 2 2.58 1.53 1.02 0.50
Trial 3 9.76 2.15 210 0.04
Trial 4 10.48 3.59 221 138

4 Trial 1Jumpl 6.41 1.47 1.25 0.22
Trial 2 12.20 1.77 2.07 0.30
Trial 3 7.22 1.64 136 0.28
Trial 1Jump2 4.97 1.21 1.04 0.17
Trial 2 8.26 1.35 151 0.16
Trial 3 5.90 1.30 117 013
5 Trial 1Jumpl 10.57 1.10 1.47 037
Trial 2 9.54 1.85 1.39 045
Trial 3 10.13 1.52 1.44 0.08
Trial 4 20.21 1.69 222 0.52
Trial 1Jump2 12.51 1.58 1.62 0.04
Trial 2 6.43 1.70 115 0.54
Trial 3 12.80 1.87 164 023
Trial 4 11.98 187 158 0.29

6 Trial 1Jumpl 9.78 2.19 223 0.04
Trial 2 11.09 2.28 246 0.17
Trial 3 10.90 233 242 0.10
Trial 4 9.35 2.20 215 0.05
Trial 1Jump2 5.11 1.52 142 0.10
Trial 2 3.13 144 1.08 0.36
Trial 3 4.72 1.49 135 013
Trial 4 3.21 130 109 o021

7 Trial 1Jumpl 10.28 2.26 235 0.09
Trial 2 11.56 223 261 038
Trial 3 8.17 1.92 1.93 0.00
Trial 4 6.80 1.84 1.65 0.19
Trial 1Jump2 10.68 2.55 243 0.12
Trial 2 10.54 2.33 240 0.07
Trial 3 12.80 2.72 286 0.14
Trial 4 8.17 2.56 192 064

8 Trial 1Jumpl 10.96 211 212 0.01
Trial 2 8.25 1.57 1.67 0.09
Trial 3 7.22 1.66 1.50 0.17
Trial 4 8.93 1.96 1.78 0.18
Trial 1Jump2 10.61 2.63 206 0.57
Trial 2 10.91 2.34 211 023
Trial 3 12.30 2.18 234 0.16
Average diff 0.29
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Table 26: Estimated GRF for Right leg (Jump trials)

Right
Subject Trial Acceleration GRF(% BW) Calculated GRF Diff

1 Trial 1 Jump1l 12.72 3.12 3.29 0.16
Trial 2 7.75 2.06 1.97 0.09
Trial 3 10.52 3.54 271 0.83
Trial 1Jump2 11.51 2.65 297 031
Trial 2 4.62 1.06 1.14 0.07
Trial 3 7.34 1.40 1.86 0.46

2 Trial 1Jumpl 6.50 1.74 215 041
Trial 2 7.53 244 248 0.03
Trial 3 5.09 1.98 1.69 0.29
Trial 1Jump2 6.51 2.03 215 0.12
Trial 2 6.08 2.04 201 0.02
Trial 3 6.88 2.58 2.27 031

3 Trial 1Jumpl 10.51 2.89 232 0.57
Trial 2 8.44 2.72 1.99 0.73
Trial 3 9.70 3.64 2.19 1.45
Trial 4 5.15 1.97 146 0.52
Trial 1Jump2 10.82 1.97 237 040
Trial 2 2.92 1.47 1.10 0.37
Trial 3 9.63 2.15 2.18 0.03
Trial 4 10.58 1.77 233 0.56
4 Trial 1Jumpl 6.38 1.38 1.18 0.20
Trial 2 11.13 1.97 2.02 0.04
Trial 3 9.50 1.97 1.73 0.24
Trial 1Jump2 7.61 1.65 140 0.26
Trial 2 7.93 1.24 145 0.21
Trial 3 8.62 1.18 1.57 0.40

5 Trial 1Jumpl 9.93 1.69 1.51 0.18
Trial 2 4.69 1.68 1.14 0.53
Trial 3 22.75 2.19 240 0.21
Trial 4 20.55 2.46 224 022
Trial 1Jump2 17.45 1.78 2.03 0.25
Trial 2 9.52 1.93 148 0.45
Trial 3 10.82 1.79 1.57 0.22
Trial 4 19.58 1.85 218 0.33

6 Trial 1Jumpl 4.69 1.84 142 042
Trial 2 7.31 1.83 2.05 0.22
Trial 3 5.30 1.63 1.57 0.06
Trial 4 4.94 1.58 148 0.09
Trial 1Jump2 2.51 1.18 1.90 0.72
Trial 2 3.85 2.98 1.22 1.76
Trial 3 4.72 1.16 143 0.27
Trial 4 2.08 1.97 1.80 0.18

7 Trial 1Jumpl 8.31 1.77 1.88 0.11
Trial 2 6.17 1.91 1.52 0.39
Trial 3 7.44 1.54 1.73 0.19
Trial 4 6.39 1.48 1.56 0.08
Trial 1Jump2 6.23 1.93 1.53 0.40
Trial 2 10.36 2.44 222 023
Trial 3 13.00 2.15 2.66 0.50
Trial 4 5.91 1.83 148 0.36

8 Trial 1Jumpl 9.08 2.55 2.54 0.01
Trial 2 10.21 2.38 2.85 047
Trial 3 8.56 2.32 240 0.08
Trial 4 9.12 2.65 2,55 0.10
Trial 1Jump2 9.14 3.09 2.56 0.53
Trial 2 9.91 2.50 2.77 0.27
Trial 3 9.19 2.67 2,57 0.10
Average diff 0.33
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Table 27: Estimated GRF for Left leg (Run trials)

Subject Trial
1 Trial 1
Trial 2
Trial 3
2 Trial 1
Trial 2
Trial 3
Trial 4
3 Trial 1
Trial 2
Trial 3
Trial 4
4 Trial 1
Trial 2
Trial 3
5 Trial 1
Trial 2
Trial 3
Trial 4
6 Trial 1
Trial 2
Trial 3
7 Trial 1
Trial 2
Trial 3
Trial 4
8 Trial 1
Trial 2
Trial 3
Trial 4

Left

Acceleration GRF(% BW) Calculated GRF Diff

8.45
5.37
6.80
7.94
7.79
8.58
6.90
4.32
5.03
4.40
4.40
4.66
4.64
3.57
11.85
11.86
11.26
6.06
3.21
4.63
3.65
4.54
4.69
4.78
4.16
3.90
3.49
4.20
3.61

1.95
1.75
2.01
1.93
1.71
1.85
1.82
1.79
2.05
1.96
1.72
1.31
1.28
1.37
1.48
1.54
1.55
1.47
1.96
2.18
2.07
1.87
1.88
1.67
1.77
1.59
1.42
1.67
1.62

2.25
1.48
1.84
1.85
1.81
1.99
1.61
1.79
2.08
1.82
1.82
141
1.40
1.09
1.64
1.64
1.57
1.96
1.72
244
1.95
1.79
1.85
1.88
1.64
1.61
144
1.73
1.49

Average diff

0.31
0.27
0.17
0.09
0.11
0.15
0.21
0.00
0.03
0.14
0.11
0.09
0.12
0.27
0.15
0.10
0.01
0.49
0.24
0.26
0.13
0.08
0.03
0.21
0.12
0.02
0.02
0.07
0.12

0.14
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Table 28: Estimated GRF for Right leg (Run trials)

Subject  Trial
1 Trial 1
Trial 2
Trial 3
2 Trial 1
Trial 2
Trial 3
Trial 4
3 Trial 1
Trial 2
Trial 3
Trial 4
4 Trial 1
Trial 2
Trial 3
5 Trial 1
Trial 2
Trial 3
Trial 4
6 Trial 1
Trial 2
Trial 3
7 Trial 1
Trial 2
Trial 3
Trial 4
8 Trial 1
Trial 2
Trial 3
Trial 4

Right

Acceleration GRF(% BW) Calculated GRF Diff

10.00
4.73
3.21

10.81
6.45
5.55
8.59
3.92
3.56
7.71
7.71
4.99
3.33
4.35

13.61
9.60

10.13

10.88
6.85
5.47
6.54

11.61

10.81

12.99
9.69
4.31
5.57
4.61
3.73

1.80
1.79
2.01
1.63
1.74
2.02
1.91
1.96
1.84
2.08
1.71
1.32
1.45
1.26
1.64
1.82
1.79
1.88
2.13
2.04
1.96
1.58
1.75
1.73
1.78
2.05
241
2.21
2.14

2.22
1.44
1.21
2.19
1.49
1.34
1.83
1.38
1.30
2.16
2.16
1.52
1.05
1.34
2.11
1.53
1.61
1.72
3.56
2.87
3.41
1.74
1.62
1.93
1.46
2.06
2.64
2.20
1.80

Average diff

0.42
0.35
0.80
0.56
0.25
0.67
0.08
0.58
0.53
0.08
0.46
0.20
0.39
0.08
0.47
0.29
0.18
0.17
1.43
0.83
145
0.15
0.12
0.20
0.32
0.02
0.22
0.01
0.34

0.40

The average difference between the actual ground reaction force and the calculated ground reaction
force was also calculated for both jump and run activities for all the eight subjects. The average
difference between the actual GRF and the calculated GRF was 0.29 and 0.33 for left and right leg
respectively for jumps (Table 29), and the average difference between the actual GRF and

calculated GRF was 0.14 and 0.44 for left and right legs for running (Table 29).
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Table 29: Average difference of GRF vs estimated GRF

Activity | Left Right
Jump 0.29 0.33
Run 0.14 0.44

4.2.4 Resultant GRF and Resultant Acceleration

4.2.4.1 Jump trials

The resultant ground reaction force from the force plates and the resultant acceleration from the

APDM opal tibial sensor was calculated for eight subjects during jumping and a weak correlation

was observed for both the legs when examined all eight subjects (Figure 42 (a) and (b)). The Y-

axis represents the resultant acceleration and the X-axis represents the resultant GRF.
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Figure 42: (a) Correlation between resultant GRF and acceleration, Left Leg, Jump
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Figure 42: (b) Correlation between resultant GRF and acceleration, Right Leg, Jump

A strong correlation was observed for all the subjects (Table 30) between both left and right legs,

apart from one subject (subject 1) when they were examined individually (Figures 43 (a)-(h)).

Subject 1 appears to have one data point which may be an outlier.
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Table 30: Correlation between resultant GRF vs Acceleration

Subject | Left Right
1 0.23 0.64
2 097 |0.99
3 089 | 0.77
4 091 0.95
5 082 093
6 099 |0.99
7 0.91 0.88
8 094 |097

Figures 42: (a)-(h) show the correlation graphs between resultant GRF and resultant acceleration
for left and right legs.
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Subject 4 Left Leg

Subject 4 Right Leg
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4.2.4.2 Run trials

The resultant ground reaction force from the force plates and the resultant acceleration from the
APDM opal sensors was calculated for eight subjects during running. A weak correlation of 0.48
and 0.30 was observed for both left and right legs when all the eight subjects were examined
together. The Y-axis represents the resultant acceleration and the X-axis represents the resultant

GREF (Figure 44 (a) and (b)).
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Figure 44: (a) Correlation between resultant GRF and acceleration, Left Leg, Run
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Figure 44: (b) Correlation between resultant GRF and acceleration, Right Leg, Run
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A strong correlation was observed for all the subjects (Table 31) between both left and right legs
when the eight subjects were examined individually (Figures 45 (a)-(h)).

Table 31: Correlation between resultant GRF vs Acceleration

Subject | Left Right
1 0.98 0.93
2 0.98 0.78
3 0.99 0.83
4 0.97 0.85
5 0.85 0.97
6 0.95 091
7 0.93 0.92
8 0.98 0.94

Figures 45: (a)-(h) show the correlation graphs between resultant GRF and resultant acceleration
for left and right legs when examined individually.
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4.3 Discussion

The results of this study demonstrated the correlation between the Optitrack motion capture system
and the APDM system in terms of ground reaction force (as percent body weight) and the peak
tibial acceleration. The knee joint angles were also compared for both the Optitrack and APDM
systems for both jump and run activities at peak ground reaction force. We compared the knee
joint angle values obtained from the motion capture system by processing it using visual 3D and
comparing them to the joint angle values obtained from the opal sensors which were processed
using MATLAB, but there was a difference observed from the measures of angles from both these
systems of around 10°-5°. In this study we used the normalization method to calculate the
normalized knee joint angles which also minimized the potential errors produced by misplacement

of markers and to maintain uniformity across subjects and data collection sessions.

Previous studies have used video analysis [22] [73] [55] to qualitatively and quantitatively analyze
the flexion angles at the time of ACL injuries during various situations. In two of the studies [55]
[62], ten video sequences from women’s handball and basketball games were analyzed from real
time matches in which two activities, cutting and one-legged jump landings were analyzed to
monitor lower limb kinematics like the knee flexion angle which was given as 11° to 30°, the knee
abduction was -2° to 3° and the rotation angle was -5° to 12° [55]. These studies also reported that
there was no direct contact with the knee while an injury situation was observed. In another study
[62] which assessed the lower extremity kinematics from real time visual playback (used from
actual field game) against a 3D motion analysis system (in a laboratory), it was observed that the
flexion angles were rated based on a rater’s score and compared to a 3D motion analysis of a drop

jump task and running.

The results of this study showed an excellent level of agreement between the video observation
and the 3D motion analysis for assessing the lower limb kinematics in slower, speed controlled
movements but lower level of agreement was reported for faster movements like running, which
might be a reason for the discrepancy observed in run results from our study since the speed was
not calculated. A study has demonstrated that in running an increase in knee flexion angle at the

point of contact with ground can lead to a decrease in the peak vertical ground reaction force [96].
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Using the video analysis [55] [62], it is difficult to quantify exactly when an injury occurs. In
general, it has been suggested that video analysis has contributed to the general understanding of
several risk factors for the cause of an ACL injury in females showing a low knee flexion. This
video data is limited in that, the authors in general fail to examine ‘non-injurious; movements to
determine whether the same athlete can land in the same way without injuring his/her ACL. While
conducting the video analysis the assumption has been that this is an acute injury. However in
reality it has never been clear whether it was a single event that caused the ACL injury or whether

in some cases, this was caused by a repetitive strain.

Some of the studies have demonstrated that the joint angles at contact and the jump height
significantly effect the peak ground reaction force [110], but they have not indicated which of the
two effects is more dominant during jump landing. In this study we examined the knee joint angles
and the peak GRF measured individually from two systems. In a previous study [14] conducted
for sixty healthy college subjects(thirty male and thirty female) to assess the lower extremity
biomechanics during the landing of a vertical stop-jump task it was found that the average knee
flexion angles at peak ground reaction force were 35.46° and 41.06° for females and males, but
the study failed to report any results in the frontal as well as the transverse plane biomechanics i.e.
the valgus/varus and internal/external rotation angles as a cause to identify the mechanism of the

ACL injury.

The knee flexion angles (Tables 10,11,12 and 13) at peak ground reaction force obtained from our
study were like this study [10] for females and males (Table 10 and 11). In another recent study
[65] conducted for twelve male and nine female subjects to find the differences in the lower
extremity kinematics and kinetics during a vertical drop landing where the task involved stepping
off naturally from a 60 cm box onto the force plates. Data was collected at 1200Hz by the Bertec
force plates and 120Hz by the three-dimensional motion capture system. They showed a flexion
angle of 93°and -98.4° for females and males. While the ground reaction force was expressed in
terms of %body weight for both the subject groups. The flexion angles obtained from our results
were different from these studies results as the height of the box from which the subject would
jump was different (Tables 10, 11, 12 and 13). Another study [83] [107] which examined the
valgus knee motion between males and females for a jump landing task. Subjects jumped off a 31

cm box with their feet 35 cm apart and performed two jumps, first directly drop on to the force
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plates and immediately to a maximum vertical jump with both their arms in the air imitating a
basketball move. Twenty- three reflective markers were placed on the subject’s body, and data
were sampled at 240 Hz from the motion capture systems and 1200 Hz for the AMTI force plates.
The abduction .angles or the knee valgus angles during a vertical jump at peak ground reaction
force were averaged out for three trials were found to be between 34.6° for males and 32.1° for
female subjects, which indicate that females had higher valgus angle than their counterparts. The
results of our study have shown that the knee valgus for both male (9.51°) (Table 10, 11, 12 and
13) and female subjects (9.44°) (Table 10, 11, 12 and 13) were different from this study for a
vertical jump landing task. The possible reason for this disagreement of valgus angles might be

the 35cm distance between the two legs.

The landing error score system(LESS) is a clinical tool developed for screening the ACL injury
risk factors, it identifies the poor jump landing techniques who are at risk for noncontact ACL
injury, an investigator after watching the videos records the error on the LESS scoring sheet which
scores the individual joint motions in the landing technique. The reliability and validity of the
landing error scoring system (LESS) by an expert and novice interrater across thirteen lower limb
extremity items were evaluated by Onate [75] to a three-dimensional motion capture system. This
particular study was similar to our research in its methodology. Nineteen female soccer athletes
free of any knee injuries wore spandex shorts and running shoes while performing the task. The
subjects performed three jumps off a 30 cm box and placed at a distance of 30 cm from the force

plates.

The subjects were asked to jump and land on the force plates first and immediately jump as high
as they could straight up in the air as to imitate a soccer header and land back on the force plates.
The initial landing from the first jump was used for analyses and the second landing resulted from
the maximum vertical jump was discarded. Eight motion cameras by Vicon Motion Systems Ltd.,
at a sampling rate of 500Hz and two Bertec 4060-NC force plates with a sampling rate of 500 Hz
were used to measure the kinematic data in collaboration with two Sony mini DV handycam to
video record the trials at a sampling rate of 30Hz. All the kinematic analyses were done using
Visual 3D to obtain the knee joint angles and ground reaction force. The trained observer
documented the knee-flexion angle at initial ground contact and the entire range of motion, knee-

valgus angle and the foot ground contact symmetry. All the three trials were averaged into a single
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score and were analyzed in a SPSS 16.0. A code of 0 or 1 was given to the kinematic data to
correspond with the LESS score. A score of 1 was given for a flexion angle less than 30° or 0 for
a flexion angle more than 30°. The mean knee flexion angle measured by the three-dimensional
motion capture system was within a range of 10° to 37°. For the symmetry of foot contact, the
vertical ground reaction force was analyzed by concluding that all the subjects had an asymmetric
foot contact. The LESS showed an excellent reliability validation in assessing a drop-jump landing
task, which suggests that this LESS could be used a measure of dynamic jump landing motion
technique. The joint angles, particularly flexion results for all the four female subjects(1,2,3,4)
during jump trials obtained from our study(Table 10,11,12 and 13) were similar to these results,
however this study [85] does not shed any light on the joint angles obtained in the other two
direction i.e. Y(abduction/adduction) and Z (internal/external rotation) and also it should be kept
in mind that all these joint angles were calculated at the initial contact of landing by averaging out
the trials and compared the lower extremity results from a three dimensional motion capture

system to various other systems but not any wearable inertial measuring units.

Lower limb angles have also been measured using wearable sensors [4] [113] [9] [10] [11]. The
angle measurements in our study from the wearable sensors were observed to be slightly different
than those obtained from the motion capture system as the knee angle estimation faces notable
challenges when measured using IMUs. The knee angle measurements are based on orientation
estimates provided by the IMUs, which make them sensitive to sensor-to-body calibration.
Another challenge is that the key mechanism for angle estimation is measurement of the 1g gravity
vector by the 3-axis accelerometer incorporated inside the IMU, the measurements of the gravity
vector (for orientation measurements) are coupled with the acceleration of the actual sensor due to
movement. In moments of abrupt movements, the accelerometer can read up to 10g (98m/s?) as
we have measured in Figure 43 and 44 for jump and run lower leg acceleration. This difference in
the flexion angle estimation also may be a result of few limitations listed in the next chapter. A
study by Bakshi [114] proposed a methodology to measure the motion of knee joint using the IMU
sensors in comparison with the joint data from the motion capture system. Two IMU’s by
SparkFun electronics, Boulder, CO. were placed on the subject’s thigh and shank for data
collection. An accelerometer was used to find the knee flexion angles. All the data from the sensors
were processed using an ATmega328 microcontroller and a custom generated LabVIEW program

generated the flexion angles. These calculated flexion angles from the IMU’s were compared to
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the infrared Vicon motion system. A 26-year-old male subject performed four tasks (swinging the
lower leg in a seated position, hip and knee flexion in a standing position, sitting down and
standing, gait patterns and squats). The data were collected at a sampling rate of 100Hz and 5Hz
for the motion capture and the IMU system respectively. The average errors for knee flexion
(0.08°, 3.06°, 1.68° and 2.40°), standard deviation and the correlation coefficient (0.09, 0.97, 0.98
and 0.94) was calculated for the four tasks between both the systems. The average difference for
the knee flexion angle calculated from the motion capture system and the wearable sensor devices
in our study was higher (14.81°) (Table 14 and 15) than the flexion results of a squat task (similar
to a jump task) from this study [114] as the task we performed was a vertical jump. However, a
squat is not a dynamic task. It is possible that slower, more controlled movements are less complex

and therefore easier to accurately measure using IMUs compared with more dynamic tasks.

We focused on joint angle measurements obtained in all the three directions i.e. the
flexion/extension, adduction/abduction and internal/rotation angles for both left and right legs
from both the motion capture as well as the APDM opal sensors systems. For some subjects the
flexion angles obtained from both the systems closely matched and for some it showed a larger
difference. Although there were a number of studies which reported the kinematics of the lower
extremity using the three-dimensional motion capture system and the wearable IMU system
separately or either by comparing one motion capture system against any other methods(LESS)
[65], no study in particular validated both the motion capture and the wearable sensor system for
the joint angles in all the three directions (flexion/extension, valgus/varus and internal/external
rotation) for running or jumping. In this study we were validating the wearable sensor system by
comparing it with the three-dimensional camera system using eight subjects (four male and four
female). Previous studies tried to analyze the gender differences in lower extremities as a cause
for the ACL injury keeping only either the knee flexion or the valgus angles separately as a major
criteria but not comparing the joint angles in all the three directions(X, Y, and Z) at once. The knee
joint angles in our study were consistent with those reported in the previous similar studies for
jump landing [99] [83] [65] [85]. Overall the right leg joint angle results (Tables 10, 11, 12 and
13) were observed to be more accurate 