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ABSTRACT

Following a total hip arthroplasty (THA), certain activities of daily living (ADLs) present
challenges to hip mobility which can increase the rate of impingement of the prosthesis and result
in decreased range of motion and an increased risk for hip dislocation (Woerner et al., 2017).
Activities requiring high amounts of hip flexion, adduction and internal rotation tend to lead to
posterior dislocations while activities requiring extension, abduction, and external rotation are
more prone to anterior dislocation (Nadzadi et al., 2003). Oftentimes these dislocation events
require a surgical revision which presents an increased cost and surgical risk to the patient (Brooks,
2013).
Studies have been done evaluating the optimal cup and neck parameters when inserting the
prosthesis and have determined a safe zone of anteversion and inclination in which impingement
is unlikely (Brooks, 2013; Seagrave et al., 2017; Woerner et al., 2017). Few studies, however, have
utilized real subject kinematic data to evaluate these impingement models (Charbonnier et al.,
2015; McCarthy et al., 2016; Nadzadi et al., 2003; Pedersen et al., 2005). Furthermore, there is a
lack of research evaluating how subject variability in performing impingement-risk ADLs can
influence impingement rates and when they occur. This study aims to measure hip motions in
healthy elderly subjects and apply these motions to a model to determine the clearances associated
with different movement strategies. From there, we aim to associate the different movement
patterns used to examine risk of impingement.
We measured motions using a six-camera motion system in 10 healthy, elderly subjects
who performed a series of 11 different activities using a specifically designed marker set. Of these
activities, we focused our analysis on sit-to-stand from a low chair, picking up an object from the
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floor, and squatting. We then ran the subject motion data through an impingement calculator that
used a pre-defined set of implant dimensions to calculate the clearances that occurred in each
motion trial.
We found that there was a large amount of variability in how subjects performed these
movements and that certain strategies maximized clearance which could potentially decrease
impingement risk. The most effective strategy was performing activities with low amounts of
flexion and high amounts of abduction, which supported one of our hypotheses regarding the effect
that different movement strategies would have on clearance.
In understanding the potential that movement variability has on minimizing impingement
risk, we could provide clinical recommendations for patients undergoing total hip replacement
(THR) to maximize the success of the procedure. While this study only examined three motions
in 10 healthy subjects, future work would include a full analysis of the other motions measured
and aim to collect data on more individuals to determine the consistency of these movement
strategies and their effect on clearance and impingement. This would also help elucidate any other
trends that may not have been exposed in the three activities measured.
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Chapter 1
Introduction

1.1 Background on Total Hip Replacements

In 2010, 310,800 total hip replacement (THR) surgeries were performed in individuals
over the age of 45 with a significant amount of procedures done in those suffering from
osteoarthritis, which in individuals over the age of 60 is about 10 % of men and 13 % of women
(Wolford et al., 2015; Zhang and Jordan, 2010). One of the major complications associated with
this procedure is the risk of impingement of the femoral neck against the acetabular cup which
can potentially lead to dislocation of the artificial hip. The THR procedure aims to replace to
main components that make up the hip joint, the femoral component (head and neck of the
femur) and the acetabular component. The hip joint is a ball-and-socket joint in which the ball is
the head of the femur (thigh bone) and the socket is made of the acetabulum of the pelvis, which
is a groove into which the femoral head inserts and can freely move and rotate. The goal of the
surgery is to place these components in an orientation that prevents premature collision or
impingement of the femoral neck against the lip or border of the acetabulum. However, due to a
multitude of factors, this impingement can occur, so patients often return for a revision due to
ensuing dislocation rates of 0.3 – 10 % from all primary procedures and 28 % of revisions;
thereby resulting in increased cost and surgical risk to the patient (Brooks, 2013).
There are many factors involved leading up to a dislocation event, and the most important
risk to consider is that of impingement. Upon completion of THR surgery, there are certain
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activities of daily living (ADLs) that present challenges to hip mobility which can increase the
rate of impingement of the prosthesis and result in decreased range of motion and an increased
risk for hip dislocation (Woerner et al., 2017). Activities requiring high amounts of hip flexion,
adduction, and internal rotation tend to lead to posterior dislocations while activities requiring
extension, abduction, and external rotation are more prone to anterior dislocation (Nadzadi et al.,
2003a). There are many other contributors to impingement and possible dislocation, including
patient factors, implant factors, and surgeon factors (Brooks, 2013). Many researchers have
focused on evaluating different implant materials and positioning to determine if these provided
a decreased risk in impingement (Brooks, 2013; Brown et al., 2014; Charbonnier et al., 2015;
Free and Delp, 1996; García-Rey and García-Cimbrelo, 2016; Pedersen et al., 2005; Woerner et
al., 2017). Of these investigators, many have aimed to establish safe zones for actetabular
anteverison and inclination angles when inserting the implant during surgery (Charbonnier et al.,
2015; García-Rey and García-Cimbrelo, 2016; McCarthy et al., 2016). To establish these safe
zones, studies have utilized computer models of the different component orientations and then
evaluated impingement risk with these models. While these models have been useful in
improving implant design, there are only a few studies correlating human motion data, in which
individuals are performing activities of daily living, with subsequent impingement events.
Four major studies to date have examined increased impingement risk following a THR
during ADLs. The first, by Nadzadi et al, considered a combination of anteior dislocation
activities including pivot (standing and turning the body away) and lying supine and rolling over,
as well as posterior dislocation activities, including going from sit-to-stand from a toilet and
from a normal chair, crossing one leg over the other while seated, tying one’s shoe while seated,
and picking an object up off the ground (Nadzadi et al., 2003a). They determined impingement
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and dislocation risk based on contact forces between the femoral neck and acetabular cup
component. In evaluating impingement risk, they set their implant models at the most
unfavorable conditions and then reported dislocation rates and the inter-subject variability in
performing the movements. However, while the study normalized subjects based on height,
weight, starting and ending time of the motion, and pelvic tilt, the authors did not correlate these
inter-subject differences in movement strategy and movement performance to impingement risk.
Furthermore, they did not examine how often these high-risk movements occur in actual THR
patients. However, a study by Pedersen et al surveyed 1,202 closed reduction hip surgeries to
determine patient activity and related these ADLs to dislocation events (Pedersen et al., 2005).
This study examined the same motions as the Nadzadi study and utilized the motion data from
that same study to better differentiate between an impingement event versus a dislocation event.
Pedersen furthered the conclusion stated in Nadzadi that, while many studies use impingement as
a proxy for dislocation, they are actually two separate events and can have an intermediate
subluxation phase with 10°, sometimes more, of range of motion before complete dislocation
(Nadzadi et al., 2003a; Pedersen et al., 2005). This is an important distinction when one is
predominantly concerned with impingement risk and how it is one of the factors leading to
dislocation. While Pedersen found impingement events occurring in all the cup positions tested,
not all showed dislocations; and this study did not provide any further evaluation of the effect of
inter-subject variability in performing different motions on impingement risk. A third relevant
study by Charbonnier et al focused on posterior dislocation activities and looked at real subject
motion trials applied to 9 different prosthetic models with varying acetabular cup positions both
inside and outside of the safe zone defined by 30° - 50° inclination and 5° - 25° anteversion
(Charbonnier et al., 2015). They also tested the reliability of goniometry range of motion
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assessment by comparing two clinician measurements with marker data captured by a motion
analysis system when performing passive hip range of motion of the following motions: maximal
flexion, supine and seated maximal internal/external rotation with hip flexed 90°, and maximal
abduction. The study found some differences between measures using the two methods for range
of motion (ROM) assessment that could potentially warrant utilizing both methods during testing
to improve reliability. More importantly, this data revealed that the activities tested required
large amounts of hip flexion, ranging from 95° - 107°, implying that lacking this ROM would
increase impingement risk, especially at maximal ranges of motion of hip flexion (Charbonnier
et al., 2015). This is an important implication for future therapy recommendations, as patients
should be advised to avoid extreme ranges of motion in these high-risk activities demanding high
amounts of hip flexion. Cups with more inclination and anteversion resulted in less
impingement, and the researchers found little variability in ab/adduction and internal/external
rotation across their subjects. Only four subjects were tested, however, and further analyses of
movement variability in performing these activities is necessary to evaluate differences in
impingements risk. The last relevant study was done by McCarthy et al and looked at
impingement incidence during three motions performed with implants placed within the safe
zone (15° ± 10° anteversion and 40° ± 10° lateral opening/inclination). They found that for the
pickup, squat, and low chair rise motions, impingement occurred even in the safe zone of
acetabular placement (McCarthy et al., 2016). Each of their 10 subjects had a different set of cup
anteversion and inclination parameters that led to impingement and so it would be worthwhile to
further determine which acetabular cup positioning is ideal for each patient (McCarthy et al.,
2016). This study did not consider patient-specific movement patterns that may contribute to
defining these individualized implants. Overall, these studies made use of motion data to study
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impingement rates with predominantly posterior dislocation type activities. While all these
studies found trends of the occurrence of impingement with activities with high demands of hip
flexion, they did not thoroughly examine the effect of subject variability in performing these
motions and how that correlates to impingement.
The purpose of this thesis is to expand upon the current research by investigating the
effects of movement variability on the risk of impingement in total hip replacement. We studied
whether healthy subjects employed strategies that included coronal (abduction/adduction) and
transverse (internal/external rotation) plane rotations in the hip joint in order to reduce the hip
flexion needed to perform common activities and thus increase the clearance between the
components of the implant. By determining which strategies minimize impingement risk, we
hope to provide clinical recommendations to improve the recovery of THR patients and
minimize the need for surgical revisions.

1.2 Specific Aims
For this study, we measured the motions of 10 healthy elderly subjects with an
overweight to obese body mass index (BMI) as they performed three activities that presented
challenging ranges of motion for patients undergoing THR. These activities have reportedly
posed a risk for impingement in THR patients and possible subsequent implant dislocation, either
posteriorly or anteriorly depending on the motion involved, and included rising from a low chair
(chair rise), picking up an object off the ground (pickup), and squatting. The aims of this study
were as follows:
1. Measure hip motions in healthy elderly subjects
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2. Apply motions to a computer model of the hip with implants to compute
clearances
3. Perform linear regressions in order to identify motion patterns associated with
simulated impingement.
Based on these correlations, we hope to find if any particular movement strategy decreases
impingement rate, and if it does, provide recommendations for THR patients on how to perform
these ADLs to minimize their impingement risk.

1.3 Hypotheses
We hypothesized that subjects would exhibit the following variations in their movement patterns:
1. Subjects with higher peak hip flexion angles will exhibit smaller minimum clearances,
thereby increasing impingement risk.
Rationale: As the hip flexes, it will reach a point where the femoral head contacts the
acetabulum and thereby result in impingement. The further the hip flexes, the more likely
it is that contact between the two surfaces will occur.
2. Subjects with higher peak hip abduction angles will have larger minimum clearances.
Rationale: An increase in hip abduction would allow for more motion in the hip to be
performed without as much hip flexion, making impingement less likely.
3. Subjects with higher peak external rotation angles will have larger minimum clearances.
Rationale: An increase in hip external rotation will require less hip flexion in order to
perform the same motion, thereby making impingement less likely.
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4. Subjects with higher peak hip abduction angles will have lower peak hip flexion angles.
Rationale: As the abduction increases in performing an activity, the hip flexion required
to perform the movement decreases by using abduction to make up for the lack of
flexion.
5. Subjects with higher peak hip external rotation angles will have lower peak hip flexion
angles.
Rationale: The external rotation used to perform the movement will replace the hip
flexion normally required to execute the motion and decrease the need for further hip
flexion.
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Chapter 2 Literature Review

2.1 Normal Hip Biomechanics
The hip is a ball-and-socket joint that plays an important role in connecting the trunk with
the lower limbs and stabilizing the pelvis. The hip normally carries large loads during daily
activities: Even walking places about 3 times a healthy individual’s body weight on the hip while
running can induce loads of 7 - 8 times body weight (Polkowski and Clohisy, 2010). These loads
are seen in relatively low level activities, with more intense activities providing even more stress
on the hip. Therefore, the ability of the hip to carry these loads while moving through proper
ranges of motion is critical for mobility both in healthy individuals and those undergoing total
hip replacements. In activities of daily living like tying a shoe with your foot on the floor, getting
up from a chair, squatting, and picking something up from the floor, the hip needs to have
available range of motion in all three planes of movement (see Table 1).

Table 1: Examples of activities of daily living and the hip range of motion in each plane required to
perform these activities (Polkowski and Clohisy, 2010)

Activity

Plane of Motion

Tying shoe with
foot on floor

Sagittal
Frontal
Transverse
Sagittal
Frontal
Transverse
Sagittal
Frontal
Transverse
Sagittal
Frontal
Transverse

Chair rise

Pickup

Squat

Range of Motion needed to
perform movement
124°
19°
15°
104°
20°
17°
117°
21°
18°
122°
28°
26°

9

When these ranges of motion are lacking, an individual undergoing a THR has an increased risk
of impingement between implants and this may lead to reduced mobility and decreased quality of
life. In considering factors that contribute to hip stability in healthy and THR patients, one must
take into consideration the strength of the ligaments holding the hip capsule as well as the
function of the muscles causing motion at the hip joint. These structures play a role in the
mobility and stability of the hip and can influence the success of a surgery. Furthermore, THR
surgeries can manipulate factors that can minimize the load on the hip by, for example,
decreasing the abductor muscle moment arm. However, decreasing the abductor moment arm
can simultaneously decrease the mechanical advantage of the abductors, and so by moving the
greater trochanter and increasing the femoral offset during surgery, one can increase the
mechanical advantage of the abductors (Free and Delp, 1996; Polkowski and Clohisy, 2010). In
THR procedures, it is a balance of what is gained and lost based on implant placement and
orientation within the individual’s current body structure. To further understand how these
parameters relate to impingement risk, we will examine the different factors studied that
influence impingement risk.

2.2 Factors contributing to impingement and dislocation

2.2.1 Types of dislocation
The risk of dislocation is a serious one for individuals undergoing THR surgery and often
stems from an impingement event. Therefore, analyzing the motions that are high risk for
impingement and subsequent dislocation are important to improving patient outcomes and
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allowing them to return to their daily activities. There are four main types of dislocation, the first
three are grouped under impingement and lever-out. These include component on component
(the most common), bone on bone, and bone on component. The fourth mode of dislocation is
shearing or sliding out and has no impingement associated, this mode is not very common
(Nadzadi et al., 2003a). Dislocation can also be characterized by the direction that the femoral
head slips out from the acetabular cup, which is either posterior or anterior. Posterior dislocations
are more common than anterior dislocation (3 posterior for every 1 anterior) and occur when the
lower limb is flexed, adducted, and internally rotated. Many studies have examined posterior
dislocation activities including rising from a low chair (39 cm tall seat), rising from a normal size
chair (46 cm tall seat), sitting up in a chair with legs crossed, tying one’s shoe while seated with
the foot on the ground, and picking up an object off the floor (Charbonnier et al., 2015;
McCarthy et al., 2016; Nadzadi et al., 2003a; Pedersen et al., 2005). These dislocations are
associated with regions of anterosuperior impingement on the acetabular cup that progresses to
posterior subluxation (Charbonnier et al., 2015; McCarthy et al., 2016). The subluxation phase is
the intermediate phase between impingement (when the femoral neck collides with the
acetabular cup) and complete dislocation (femoral component slips out of acetabular cup) in
which there is approximately 10° - 20° more of available motion in the hip capsule before
dislocation (Brown et al., 2014; Nadzadi et al., 2003a; Pedersen et al., 2005). However, these
impingement events can be painful and reduce a patient’s ability to perform everyday tasks. In
addition to posterior dislocation, there are also anterior dislocation events that can occur. These
can either be superior-anterior dislocations in which the hip is extended, abducted, and externally
rotated or they can be inferior-anterior dislocations where stresses on the hip are flexion,
abduction, and external rotation (Nadzadi et al., 2003a). Motions resulting in anterior
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dislocations include pivoting, in which an individual is standing and turns the body away from
one side of the body providing extension and exorotation of the hip that stays in place (stress on
leg opposite the side person turns to) and lying supine and rolling over (Nadzadi et al., 2003a).
Because of their prevalence, the majority of studies have focused on posterior dislocation events,
with only a few examining anterior dislocation events. To minimize the risk of either event, it is
important to consider the patient, implant, and surgical factors that contribute the success of the
implant.

2.2.2 Patient Factors
Each individual undergoing THR surgery presents with a unique set of characteristics that
can influence the success of the procedure. One of the first factors to consider is the reason for
the procedure. Patients receive THR to treat primary osteoarthritis, developmental arthritis,
congenital hip disease, avascular necrosis, and trauma to the hip (García-Rey and GarcíaCimbrelo, 2016). Patients undergoing THR are also generally older, around the age of 70 or
older, which can also influence outcomes since recovery takes more time as one ages,
highlighting the need to ensure recommendations post-surgery are followed (Brooks, 2013).
Females are also at an increased risk of undergoing surgery since osteoarthritis is more common
in this population (Brooks, 2013). Patients with medical comorbidities, especially obese
individuals, are also at increased risk for needing surgery since these conditions could have worn
out the capsule over time. After surgery, patient characteristics also have implications for
impingement risk. In individuals with overweight or obese BMIs, thigh on thigh soft tissue
contact during flexion and adduction can sometimes induce lateral forces on the hip that push the
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femoral head laterally out of the cup (Brown et al., 2014; Woerner et al., 2017). Furthermore,
soft tissue imbalances can restrict range of motion and influence the ability of the new implant to
function through the ranges needed for ADLs. Other factors that can decrease range of motion
include muscle contractures around the joint and surrounding tissues, neuromuscular activity
around the joint, and muscle strength and stability to help keep the implant intact (Brown et al.,
2014; García-Rey and García-Cimbrelo, 2016; Woerner et al., 2017). Abductor weakness and
musculoligamentous laxity influence the stability of the joint and, when non-functional, can
further increase risk of impingement. Lastly, an individual’s hip kinematics and pelvic tilt can
also influence impingement risk. A study by Murphy et al found that pelvic tilt can directly
influence the functional orientation of the acetabular component and therefore influence a
patient’s biomechanics, their impingement-free range of motion, and overall joint stability
(Murphy et al., 2013). Furthermore, the way an individual performs certain movements on a
routine basis can place repeated stress on the new implant and lead to impingement in that area,
thereby further decreasing available range of motion and risking a dislocation (Charbonnier et
al., 2015).

2.2.3 Implant factors
Because each individual is different, being able to individualize the implant used in
surgery is of the utmost importance to the success of the procedure. Much current research has
focused on identifying a safe zone for acetabular cup anteversion and inclination, with the former
set between 5 - 25° and the latter being 30 - 50° (Brown et al., 2014; Charbonnier et al., 2015;
Free and Delp, 1996; García-Rey and García-Cimbrelo, 2016; McCarthy et al., 2016; Pedersen et

13

al., 2005; Woerner et al., 2017). The variation in cup orientations and the safe zone can be seen
in Figure 1(Pedersen et al., 2005).

Figure 1: Model of implant parameters, the cup tilt is defined by the abduction angle from the horizontal.
The cup anteversion is defined by the rotating component about the superior axis (Pedersen et al., 2005).

Garcia-Rey and Garcia-Cimbrelo established three factors with the most influence on hip
impingement and dislocation (García-Rey and García-Cimbrelo, 2016). The first was whether or
not the hips remained within the safe zone when performing ADLs, with dislocation occurring
outside the safe zone. The second risk factor for dislocation was having a larger acetabular
abduction angle and a greater distance to the anatomic hip center. Lastly, those hips with a
defined abductor mechanism composed of an abductor lever arm distance between 56 – 64 mm
and a height of 2 – 5 mm of the greater trochanter resulted in less dislocation. Other studies have
found that lateralizing the greater trochanter during surgery can increase the abductor moment
arm which increases the abductors’ mechanical advantage, however this practice also increases
the loads on the hip and may not be beneficial long-term (Free and Delp, 1996). In addition to
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these factors, there are multiple possible cup orientations that can either minimize or increase
stress on the joint. As the cup inclination and anteversion increase, the wear on the implant also
increases and can increase impingement (Brown et al., 2014; Charbonnier et al., 2015). The
femoral head diameter also plays a role, with a larger diameter posing less risk of impingement
(Brooks, 2013; Nadzadi et al., 2003a). The relationship of the femoral head to the femoral neck
can also influence impingement, as longer necks are often accompanied by metal skirts used to
strengthen the femoral component but simultaneously increase impingement since the contact
with the acetabulum occurs sooner (Brooks, 2013). In addition, the femoral stem offset, bearing
surface, and orientation of the implant in relation to muscle fibers can play a role in impingement
(Brown et al., 2014; García-Rey and García-Cimbrelo, 2016). These implant factors are also
interrelated with the expertise of the surgeon and will be discussed next.

2.2.4 Surgeon factors
The procedure itself as well as the surgeon’s experience and training can also influence
the outcome of the surgery and the later risk of impingement. The use of anesthesia and sterile
drapes are important to minimize discomfort and infection post-op while the surgeon’s surgical
approach of anterior or posterior surgery can influence the type of post-operative dislocation risk
(García-Rey and García-Cimbrelo, 2016; Woerner et al., 2017). Because the procedure involves
cutting into soft tissue and inducing stress in the area, post-operative wound healing and scarring
are important factors. For example, increased scarring can tighten up the musculature in the
surrounding the area which may decrease range of motion in the joint. The muscle may also be
weaker as it has to undergo the healing process, potentially affecting the integrity of the
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musculature and its ability to be strong enough to support and stabilize the new implant
(Woerner et al., 2017). The surgeon’s choice of implant and the technology used to orient the
prosthesis can also impact the accuracy with which the components are placed. Furthermore, it is
important to consider the inherent laxity of the capsule, the soft tissue tension, and the fascia
surrounding the surgical area and how each of these are affected by the procedure and later
interact with the new prosthesis (García-Rey and García-Cimbrelo, 2016). Lastly, while the ideal
component placement may be planned and inserted accurately, it is important to consider how
the pelvic position in a supine position may differ from standing and weight bearing, which may
cause the component alignment to be inaccurate (Woerner et al., 2017). There are many factors
with the potential to influence the success of the procedure long-term and affect impingement
and dislocation risk. By factoring in these parameters and using methods that maximize success,
surgeons can aim to provide the best implant orientation and design for each patient based on
their characteristics and needs.

2.3 Movements and their Impingement and dislocation risk
Of particular importance to this study is the past literature on dislocation and
impingement events after performing certain motions and if any variability in performing these
movements influenced the risk of impingement or dislocation. As previously mentioned, the
most extensive work on this topic was done by Nadzadi et al, which looked at seven motions, 5
posterior-dislocating and 2 anterior-dislocating, and calculated the dislocation rate for each at a
given cup tilt and anteversion. The researchers set their cup at 30° of inclination and 0° of
anteversion for all posterior-dislocating movements, except for the sit-to-stand from a normal
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chair (SSN) which was set at 40° inclination and 10° anteversion, and used a 22 mm femoral
head to provide the most unfavorable parameters for their analysis (Nadzadi et al., 2003a). For
anterior dislocating movements, the cup inclination was set to 70° and the anteversion was set to
40°. While these were less-than-ideal positions, they sometimes occur post-op due to unintended
misplacement during the surgery (Nadzadi et al., 2003a). For the sit-to-stand from the low
chair/toilet (SSL), subjects in the Nadzadi study dislocated 87% of the time, with most
impingement and dislocation occurring as subjects initially flexed to get up from the seat. All
subjects abducted in relation to their starting position but showed more variability in
internal/external rotation in the movement, mostly performing more eternal rotation near the end
of the motion. The peak contact force with which the components interacted was approximately
5 times body weight. Sit to stand from a normal chair (SSN) dislocated 64 % of the time and
subjects abducted less in this maneuver than in SSL (SSL subjects abducted 20° from their initial
posture while SSN abducted an average of 7° with a max of 15°). The pickup activity (STOOP)
only resulted in 14 % dislocation and required a lot of femoral flexion, reaching 100° of absolute
flexion. On average, subjects abducted 20° - 25° from their starting position and externally
rotated an average of 10° - 20° relative from the initial position. Peak contact force was also 5
times body weight for this activity. Tying one’s shoe dislocated 45 % of the time and provided
an absolute flexion of 100° - 110° with varied abduction (5 °- 10°) and internal rotation (2° 20°). This movement provided the largest contact force of all the movements at 10 times body
weight due to the large extensor forces needed to balance the large flexion moments produced
from bending the torso over along with hip flexion. The leg-crossing maneuver dislocated 34 %
of the time, amounting to 100° - 110° of absolute flexion and a joint loading force of 2 times
body weight. The pivot motion dislocated 40% of the time and provided 10° - 20° of femoral
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extension with highly variable ab/adduction, and 50° of absolute external rotation. Lastly, the
rollover maneuver dislocated 63 % of the time with the straight leg going into 0° - 3° of
extension, 0° - 8° external rotation and constant ab/adduction. (Nadzadi et al., 2003a). Of all
these maneuvers, those with highest dislocation rates were the sit-to-stand and the tying of the
shoe, which are consistent with the work of Pedersen et al (also found pickup to be dislocation
prone) and Charbonnier et al. (also found a lying down activity to be dislocation prone) due to
the high amounts of hip flexion. Figure 2provides an example of the impingement that occurs
during two of these high flexion activities, tying a shoe and lying down and where the most
contact occurs.

Figure 2: Visualization of the impingement region during simulation (lateral and posterior views). The
colors represent the area of increased contact (blue = no contact, red = highest contact). A) Prosthetic
impingement between the stem and the cup/liner (cup at 40°/0°, lace the shoes). B) Prosthetic
impingement between the stem and cup/liner including bony impingement between the medial corner of
the femoral osteotomy and the anterior inferior iliac spine (cup at 45°/15°, lie down). (Charbonnier et al.,
2015)

These studies show that different movement demands require individuals to adapt their
movement patterns to facilitate completion of the movement and attempt to avoid impingement.
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While this study reflected on the movement variability of abduction and internal/external rotation
throughout these motions, it did not associate this variability to ensuing impingement risk.
Furthermore, while the Nadzadi et al study only included one set of cup dimensions, other
studies varied the component parameters and still found high rates of impingement occurrences.
Pedersen et al studied 25 different cup placement positions (30°, 40°, 50°, 60°, and 70°of
inclination and 0°, 10°, 20°, 30°, and 40° of anteversion) and found that impingement occurred
in all cup positions in one or more activities. Meanwhile, only 5 cup locations did not dislocate
(70°-10°, 60°- 30°, 70°- 40°, 60°- 40°, and 50°- 40°), however, there was greater stress on the
implant than the elastic limit that the implant could handle (Pedersen et al., 2005). This study
found that most dislocations occurred due to a disturbed capsule from increased stress/loading
over time and weak rotators. And while impingement and dislocation were found to be two
separate events, this study provided insight into the wide range of implant designs in which
impingement and dislocation are potential issues. Lastly, the McCarthy et al study demonstrated
that even within the “safe zone” of cup orientation, impingement still occurred during squatting,
rising from a low chair, and picking up an object off the floor. In all three motions studied, the
anteversion angle during impingement was between 5° - 25° while the inclination angle varied
for each motion: 21° - 51° for the squat which impinged in 8 out of 10 subjects, 24° - 53° for
pickup which impinged in 9 out of 10 subjects, and 14.5° - 49.5° for the low chair rise which
impinged in 8 out of 10 subjects (McCarthy et al., 2016). From these studies, we learn more
about the risks there are for impingement at a variety of cup orientations and which motions are
most vulnerable for impingement and dislocation. What we hope to expand upon with this work
is determining impingement rates when considering the different ways in which individuals
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perform these activities and if there are strategies we can incorporate in rehab to decrease the
incidence of impingement and dislocation.
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Chapter 3
Methods and Materials

3.1 Subject demographics and ranges of motion
The participants in this study were 10 healthy older adults, 5 males (172 ± 7 cm; 84 ± 11
kg; age = 69 ± 5 y) and 5 females (159 ± 6 cm; 77 ± 10 kg; age = 65 ± 6 y), who had no history
of lower extremity joint replacement and who were free of any conditions that might limit
mobility (e.g., arthritis, joint pain, stiffness, and/or joint cracking). Recruiting criteria for this
study required that participants be 55 - 75 years of age and have a body mass index (BMI)
between 25 and 35 kg/m2. Study participants were also required to play golf recreationally, with
most of our participants playing golf between 2 - 4 times per week. Recruiting for this study was
done through the head golf professional at the Penn State golf courses who helped by reaching
out to the men’s and women’s leagues through email and using our recruiting flyer (see
Appendix D). For each subject, testing in the biomechanics lab lasted two hours on one day and
then subjects performed a separate golf swing analysis in the Golf Motion Lab on a separate day.
The motion data collected in the Golf Motion lab were not included in this thesis. All
participants provided informed consent (Study# 00004792, Appendix B) and all experimental
procedures were approved by the Institutional Review Board of The Pennsylvania State
University.
Once subjects provided their informed consent for testing, we gathered anthropometric
data including height and weight. Both measurements were done with shoes removed. Based on
these measurements we calculated a range of walking speeds for the paced walking trials. This
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range was computed as 0.8 statures per second by multiplying 0.8 by their height in meters and
then allowing for a 10 % deviation either way (see Table 2 for a summary of these results).

Table 2: Subject qualifying and anthropometric data

SUBJECT
NUMBER

GENDER AGE
(y)

3
6
8
10
12
21
23
26
28
35
All mean:
Male mean:
Female mean:

Female
Male
Male
Male
Male
Female
Female
Female
Male
Female

65.2
62.1
75.5
70.6
73.5
60.4
75.7
62.8
66.6
63.3
67.6
69.7
65.5

HEIGHT
(cm)

168.9
172.7
163.8
179.1
167.6
158.1
151.1
157.5
179.1
161.3
165.9
172.5
159.4

BODY
MASS (kg)

BMI
(kg/m2)

91.4
73.9
75.7
84.6
83.6
81.8
64.7
74.5
100.5
74.1
80.5
83.7
77.3

32.0
24.8
28.2
26.4
29.8
32.7
28.3
30.0
31.3
28.5
29.2
28.1
30.3

WALKING
SPEED –
PACED
(m/s)
1.4
1.4
1.3
1.4
1.3
1.3
1.2
1.3
1.4
1.3

Following these measurements, we obtained passive range of motion (ROM) data using a
goniometer, with measurements shown in Appendix C in Table 8 and 9. ROM was measured to
determine whether these subjects’ movements were limited due to structural or muscular
limitations. For example, subjects with tighter hip flexors might find squatting deep more
challenging than those without that limitation. Likewise, a subject with tighter hamstrings may
compensate in the pickup motion by bending their knees more to make up for the lack of range
needed to solely flex at the hip.

Protocols and norms for measuring these range of motions utilizing a goniometer were
obtained from a published guide and are described in the sections below (Norkin and White,

22

2009). Measurements were taken for both the right and left leg and were only repeated once
using a goniometer (Figure 3). While different studies found different reliability between
measurements, there is research demonstrating no significant difference in measures done by the
same examiner, so one measurement was deemed sufficient for this study based on this evidence.
Typically range of motion measurements have a 5° uncertainty (Norkin and White, 2009).
Protocols and measurements for subjects’ ranges of motions are found in Appendix C.

Figure 3: True Arm Goniometer used to measure range of motion. Parts of the goniometer are labeled.

3.2 Motion laboratory testing
To capture the motion of the 10 subjects during the 11 prescribed activities, a motion
analysis system was used and these measurements are described in detail below.

3.2.1 Motion System
For this testing, we utilized the Eagle Motion Analysis System (Motion Analysis Corp.,
Santa Rosa, CA) with six 550RT Eagle cameras and an Eagle 3HUB. The cameras were set up as
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shown in Error! Reference source not found.4 and created a recording area volume of 2 m
wide) × 2 m (high) × 3 m (long). The cameras captured motion at 100 Hz while the force plates
gathered data at 1000 Hz. Once motion trials were collected, post-processing was done using the
same Cortex 64 – 5.5 software used to record the motions. We calibrated the motion system at
the start of each testing day using a static L-frame with 4 reflective markers followed by a
dynamic wand calibration using a wand length of 500 mm (shown in Figure 55). The average
residuals for the calibration were less than 0.5 mm.

Figure 4: Motion analysis system with the camera layout used in the Gait Laboratory. The axes are
defined with a red arrow for the positive x-axis (direction of movement when walking forward), a green
arrow for the y-axis (pointing upward for positive y), and a blue arrow for the positive z direction.
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Figure 5: Left image shows the two force plates with the L-frame utilized for calibration placed on the
proximal force plate. Dimensions of the L-frame are included. In the right image is the wand used for the
dynamic calibration, the wand measures 500 mm.

3.2.2 Defining Kinematic Variables

The coordinate system used to define the axes of rotation and coordinates of the
laboratory was based on the Cartesian coordinate system described in the ISB standards authored
by Wu and Cavanagh (Wu and Cavanagh, 1995). The three axes are defined by the arrows in
Figure 4 with the positive x-axis defined as the direction of forward movement when subjects
performed walking movements. The calibration done at the start of each testing day was used to
establish the laboratory-fixed coordinate system and adjust camera parameters. After the
calibration, subjects performed a standing trial, the results of which were later used to define the
anatomically oriented coordinate systems affixed to each body segment (as described below in
Section 3.4.2).
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3.2.3 Video recording

A conventional video camera was synchronized with the motion system so that the
images were captured at the same time that marker data was recorded. This facilitated later
interpretation so we could compare the kinematic data and plots to a visual representation of how
an individual performed a specific activity. The camera angle captured the main area where
subjects performed the various activities and we ensured the subjects were fully visible
throughout the motion, except for the very start and end of the walking and walking pickup trials.

3.2.4 Marker placement

In order to ensure marker visibility, each subject wore a sleeveless top, athletic shoes
with laces, and an athletic short. Longer shorts were rolled up and held up with enough
MicroporeTM (3M Corp.; Minneapolis, MN) tape to ensure the thigh markers were visible. We
used toupee tape and MicroporeTM (3M TM) to secure markers to the skin and wrapped the
clusters in Coban elastic wrap (3M Corp.) to secure the clusters to the skin. The testing utilized
two marker sets, a static and a dynamic marker set. The dynamic marker set contained 61
individual reflective markers and 12 marker clusters, including a cluster on the upper right and
left arm, a cluster on the left and right forearm, a cluster on the left and right front mid-thigh, a
cluster on the left and right front upper shank, a cluster on the back in between the left and right
posterior superior iliac spine (PSIS), a cluster on the front pelvis in line with the left right
anterior superior iliac spine (ASIS) and the iliac crest, and a cluster tied into the shoelaces of the
left and right shoe.
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We placed individual spherical reflective markers 9 mm in diameter directly onto the skin,
except for the thigh anterior marker which was placed on the plastic of the thigh cluster, the
markers on the shoe including the foot cluster, the 2nd toe, 5th toe, and heel markers, and the right
hip front marker which was placed over the front pelvis on the ASIS. The markers were attached
with double-sided toupee tape to the skin as well as held down by MicroporeTM (3M TM) tape to
minimize marker movement on the skin. The clusters consisted of 4 reflective markers attached
to a rigid plastic base and were attached to the skin using double sided tape and then secured
using Coban elastic wrap (3M Corp.). The bias markers associated with each cluster were
wrapped in Coban elastic wrap along with their respective cluster to minimize their movement.
See Figures 21 - 23 and Table 7 in Appendix A for specific marker placement.

3.3 Motion trials

Subjects performed a series of motion trials which could then be analyzed to evaluate
kinematic variability in performing each task and whether certain kinematics presented lower
risk of hip impingement. We first had subjects stand in anatomical position with the full dynamic
marker set on and stand still for 2 seconds while we captured the markers. After identifying the
location of all 109 markers, we removed some of the markers to leave only those that made up
the dynamic marker set as indicated in bold in Table 7 in Appendix A. With this new marker set
on, participants stood in anatomical position for a second time to record the placement of the
markers in a neutral position. Subjects then performed a hip calibration in which they only
moved their right legs in two consecutive circles, followed by flexing the leg forward, extending
it back, abducting it out, and ending with two more circles. We designated the right hip as the hip
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that would undergo the largest movements. For each different type of motion, subjects completed
five successful trials. Most motions only required five trials to get the necessary data, but at
times a motion needed to be repeated to ensure markers were entirely visible.
While we measured motions during 11 different activities, not all of the motions were used in
our final analysis. The following describes how each of the motions were performed, however
we were only concerned in examining the chair rise, pickup, and squat activity for this thesis.
Walking (free and paced): Subjects began by walking at their self-selected pace with
their arms abducted to be parallel to the floor. Holding the arms this way permitted full view of
the pelvis and thigh markers. With arms swinging by an individual’s side, the arms tended to
obstruct the view of markers on other body segments. Following walking at self-selected speed,
subjects walked at a pace of 0.8 statures/second as determined as described in Section 3.1. The
walking speed was measured by using photoelectric gates in which four reflectors were placed
along the walkway with each pair of reflectors facing each other. The two sets of pairs were 4.7
m apart along the walkway (one pair on one end and one pair at the other). A light emitter shined
light down, which hit the reflectors and then bounced back to a receiver. When subjects
interrupted the beam of light going to the first set of reflectors, a timer started and then when the
subject walked past the second pair of reflectors the timer was stopped. In order to calculate each
subject’s respective walking speed, the system used the length of the walkway bordered by the
reflectors and the time it took to get from one set of reflectors to another. On average, it required
eight trials to collect five trials at the correct walking pace.
Pivot and turn (with and without step): The next set of motions was a pivot and turn in
which subjects began by standing up straight with arms stretched out in front and feet facing
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forward, about shoulder-width apart. The first version of the pivot and turn consisted of subjects
simply twisting their hips and trunk to the left and allowing for rotation of the right foot to
complete the movement. In the second version of the pivot and turn, subjects first took a step to
their left with their left foot and then rotated to the left, again placing stress on the right hip.

Figure 6: Pivot and turn activity

After the pivot and turn, subjects did two versions of a pickup. In the first, subjects began
standing straight, facing forward, with feet shoulder width apart and then they were instructed to
reach down utilizing only the right hand to pick up an object off the floor that was approximately
6 inches in front of them. The second pickup variation consisted of subjects walking normally
and then when they encountered an object placed in their walking path, they had to bend down
and pick it up with their right hand and continue walking. Subjects were not required to step
forward with any particular leg in this version of the pickup.
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Figure 7: Pickup stationary

Figure 8: Pickup walking

Squat and Low Chair Rise: Following the pickup, subjects performed a bodyweight
squat. A chair was placed to the subject’s right side to offer support if necessary. Subjects choose
their squat depth as whatever was most comfortable for them. The next activity was a low chair
rise, meant to simulate standing up off a toilet seat. The dimensions of the chair were comparable
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to a standard toilet and the chair was 36.2 cm tall as shown in Figure 9. The subject began the
motion sitting in the chair slightly leaned back to allow the front pelvis markers to be visible
while their hands were at their sides. Subjects could not place their hands on their thighs to help
themselves get up as that would obstruct the thigh markers.

Figure 9: Left image is the squat activity while the right image is the chair rise

Transfer: After the chair rise, subjects performed a chair transfer activity to simulate
getting up off the same low chair and transferring to another seat, like a wheelchair. For this
activity, we designed a wooden platform with a metal grab bar that met Americans with
Disabilities Act (ADA) grab bar standards, between 33 - 36 inches (84 - 91 cm) tall. The
dimensions for the platform along with the chairs utilized can be seen in Figure 10. The subject
began seated on the low chair (36.2 cm tall), slightly leaned back, with the grab bar to the left.
The subject was instructed to hold on to the grab bar during the entirety of the movement with
both hands. The subject then stood from the low chair, turned towards the left to face the grab
bar and kept turning until they could sit in the second chair (46 cm tall).
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Figure 10: Platform used for transfer activity with dimensions of the platform and chairs included.

Sock Donning: In the second to last exercise, participants simulated putting on a sock
while seated. Subjects began sitting upright in the 46 cm-high chair with both hands by their
sides. Subjects then bent over and reached down toward their right mid-foot with both hands and
slid their hands up near their right foot and up past the ankle to simulate putting on a sock.
Rollover: The last exercise was the rollover, for which the back-pelvis cluster was
removed to prevent crushing the markers. Subjects then laid down supine on an elevated mat
(Figure 111) with their left shoulder stretched out to the side in a T-shape and their right knee
bent. Subjects were then instructed to bring their right arm across their torso as they pushed off
the mat with their right foot, ending rolled onto their left side with the right leg extended over the
left.
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Figure 11: Mat used for rollover activity with dimensions

3.4 Data Analysis

3.4.1 Post-processing of marker data
Once the motion trials were collected, marker data were post-processed using Cortex 645.5 software. Misidentified markers were correctly identified and motion trials were trimmed to
remove any extraneous marker data that were not part of the main motion trial. Any missing
markers were filled in using join functions in Cortex and in some instances virtual markers were
defined using surrounding markers. This was done in the squat, pickup (both variations), chair
rise, transfer, and sock in which the flexion motion hid the front pelvis cluster and sometimes the
trunk, sternum, and right and left shoulder markers for a short portion of the movement. In the
rollover, the upper body markers of the shoulder, head, and trunk sometimes went missing since
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they were covered up and became temporarily unseen by the cameras, and so we also utilized
virtual joining of these markers using the markers still present.

3.4.2 Computation of joint angles
Marker locations (in C3D file format) were loaded into Visual 3D (C-motion;
Germantown, MD) software. The standing static trial was used to build the kinematic model that
was later applied to all the motion trials. We used two different model files, one for when the
pelvis was tracked using markers on the back of the pelvis and one for when the pelvis was
tracked using a cluster on the front pelvis. All of the motions used the back-pelvis model except
for the rollover motion trials which utilized the front pelvis model. All the motion trials were
then added to the workspace and a 3D model of the motions was generated using this software.
Visual 3D software was used to define coordinate systems attached to body segments,
particularly of the pelvis and thigh (seen in Figure 12). These body segment coordinate systems
were then used to calculate joint angles during the different activities. In order to define the
pelvis segment, we utilized the CODA pelvis model described by Bell (Bell et al., 1989, 1990) in
which markers from the right and left ASIS and PSIS were used. The two PSIS markers were
used to define a middle PSIS which was renamed as SACRUM in Visual 3D. Following the Bell
model, the right and left ASIS along with the SACRUM were then used to define the coordinate
system of the pelvis. The midpoint between the two ASIS markers defined the origin of the
coordinate system. The x-axis (red) ran from the origin to the right ASIS, in line with both ASIS
markers (see Figure 12). The y-axis (green) was defined as a line drawn from the midpoint of
both PSIS markers. To find the z-axis (blue), the cross product of the x- and y-axes was taken,
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forming an axis perpendicular to the x- and y-axes. Because the original x- and y-axes were not
necessarily perpendicular, a second cross product was taken of the x- and z-axes to obtain the
actual y-axis. This resulted in three mutually perpendicular axes which were required to define
the segment coordinate system. From here, the Bell model was used to define the hip joint center
within the pelvis coordinate system (made into a virtual marker) which was then used to find the
thigh segment coordinate system. To find the thigh coordinate system, we used the hip joint
center and the right medial femoral epicondyle marker and the right lateral femoral epicondyle
marker. The first axis (z-axis) was drawn from the midpoint of the two knee markers up to the
hip joint center. The second axis (quasi x-axis) was drawn in line with the two knee markers. The
cross product of these two axes was used to obtain the third axis (y-axis). Then, similarly to
finding the pelvis axes, a second cross product between the third and first axes (z- and y-axes)
was taken to obtain the actual x-axis and define a coordinate system with three mutually
perpendicular vectors. Once we defined the hip and thigh coordinate systems, we used this
information to calculate hip flexion/extension, ab/adduction, and internal/external rotation joint
angles by using Euler angle decomposition with rotation first being taken along some axis
followed by two other axes. From here, these joint angles were used in the motion trial files that
we inputted into the impingement calculator described below.
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Figure 12: Hip and thigh coordinate systems defined in Visual 3D (markers visible). X-axis is red arrow,
y-axis is green arrow, z-axis is blue arrow.

3.4.3 Impingement calculator
A custom-written program for calculating the clearance between the femoral neck and
acetabular cup was used to estimate these clearances for the motions considered. The program
used CAD representations of the implant geometries (see Figure 13).
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Figure 13: Impingement Calculator with cup oriented at 45° of inclination and 15° of anteversion.

The same implants and implant placements were used across all motions trials, as we were not
interested in how the varying cup and stem angles changed impingement rates in this thesis.
Rather, we were focused more on how motion variability related to impingement with a set
implant model. The program then calculated the minimum clearance between the femoral neck
surface and the acetabular rim. Clearances calculated this way were then used to examine how
clearance was associated with strategies used by subjects to perform the specified movements.

3.4.4 Statistical Analysis

Once we calculated the clearances associated with each activity, we utilized a MATLAB
program to calculate the minimum clearance in each motion and the peak angles for hip flexion,
abduction, and external rotation. We then used these outputs to make plots in Microsoft Excel of
six different correlations: 1) peak hip flexion angle versus minimum clearance, 2) peak hip
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abduction angle versus minimum clearance, 3) peak hip external rotation angle versus minimum
clearance, 4) peak hip abduction angle versus peak hip flexion angle, 5) peak external rotation
angle versus peak hip flexion angle and 6) peak hip abduction angle versus peak hip external
rotation angle. For these analyses, we excluded subject 21 due to incorrect pelvis alignment that
was attributable to movement of the markers during testing. We fit a linear trend line to all the
plots and included the R2 for each to determine the strength of the correlation of the two
variables being plotted. We also calculated the p-value for each correlation, designating anything
with a p-value ≤ 0.05 as statistically significant.
We also classified flexion, abduction, external rotation, and clearance as high, moderate,
or low to use in the analysis and determine the interaction between the variables. In order to
make these classifications, we found the minimum and maximum for each parameter and then
divided into thirds to create three equally spaced ranges. Due to the distribution of the data, this
designation allowed for representative categories to then examine trends in the plots (as can be
seen in the results section).
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Chapter 4
Results
As peak hip flexion angle increased, minimum clearance decreased for all three motions.
During the squat motion, clearance was strongly and negatively correlated with flexion (R2 =
0.694; p < 0.001). For chair rise, a moderate negative correlation was found between clearance
and flexion (R2 = 0.300; p < 0.001) as was the case for pickup motion (R2 = 0.244; p = 0.001).
See Figures 14, 25, 26.

Figure 14: Peak hip flexion angle vs minimum clearance for chair activity. As hip flexion increased,
minimum clearance decreased.
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Contrarily, in plots of peak hip abduction angle versus minimum clearance, as abduction
angle increased, clearance increased. This second trend was more evident in the chair rise and
pickup since both had significant correlations (R2 = 0.152; p = 0.008; R2 = 0.331; p < 0.001
respectively). Meanwhile, the squat showed a less distinguishable trend since low clearances
occurred over a range of abduction angles (R2 = 0.033; p = 0.730). For example, two subjects
had high amounts of abduction and low clearance while three subjects had low to medium
abduction and low clearance. All of these subjects exhibited high amounts of flexion and
variable amounts of external rotation. Of the three activities, the pickup had the strongest
correlation between peak abduction angle and minimum clearance (R2 = 0.331). See Figures 15,
27, 29.

Figure 15: Peak hip abduction angle vs minimum clearance for pickup activity. As abduction angle
increased, so did minimum clearance.
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Plots of peak external rotation angles versus minimum clearance did not have as strong a
correlation as peak flexion and peak abduction did with clearance, but overall showed the same
trend as abduction in that in the chair rise and pickup activity there were higher clearances as
external rotation increased (R2 = 0.154; p = 0.008 chair; R2 = 0.021; p = 0.337 pickup; R2 =
0.008; p = 0.569 squat). Meanwhile, in the squat activity there was more variation in what
occurred as external rotation angles increased. The only activity with a significant correlation
between peak external rotation angle and minimum clearance was the chair rise (R2 = 0.154; pvalue =0.008). See Figures 16, 31, 32.

Figure 16: Peak hip external rotation angle vs minimum clearance for chair rise activity. As more
external rotation occurred, higher clearances were achieved.
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Peak hip abduction angle versus peak hip flexion angle showed very weak correlations
for all three activities (chair rise R2 = 0.006; p = 0.603, pickup R2 <0.001; p = 0.962, squat R2 =
0.055; p = 0.120). The pickup activity showed the least correlation of the three activities as can
be seen by a nearly horizontal trend line. Meanwhile, the chair rise activity had a slightly more
positive association and the squat activity had the most positive correlation of the three (see
Figures 17, 33, and 35).

Figure 17: Peak hip abduction angle vs peak hip flexion angle for pickup activity. No clear relationship
between abduction and flexion.
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Figure 18: Peak hip abduction angle vs peak hip flexion angle for squat activity. While not a strong
correlation, there is a positive trend demonstrating that increased abduction may result in increased hip
flexion.

Peak external rotation angle versus peak flexion angle also had little to zero correlation
for all three activities (chair rise R2 = 0.017; p = 0.903, pickup R2 = 0.018; p = 0.900, squat R2
<0.001; p = 0.990). The chair rise and pickup activities were slightly more positive correlations
while the squat activity had a nearly straight trend line (see Figures 19, 39, and 41).
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Figure 19: Peak hip external rotation angle vs peak hip flexion angle for pickup activity. Weak
correlation between both variables.

None of the three activities had a significant correlation between peak hip abduction and
peak external rotation angles and only two of the activities trended toward a moderately positive
correlation, the chair rise and the pickup (chair rise R2 = 0.161; p = 0.691, pickup R2 = 0.202; p =
0.649; R2 = 0.007; p = 0.939). See Table 6 for all correlations and significance values.
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Figure 20: Peak hip abduction angle vs peak external rotation angle for pickup activity. Moderate
positive correlation indicating that an increase in hip abduction is related to an increase in external
rotation.

Overall, in all three activities, subjects used between 93° to 140° of hip flexion, 3° - 35°
of abduction, and 5° - 31° of external rotation to execute the prescribed motions. Subjects with
higher flexion combined with lower abduction tended to have lower clearances while subjects
with higher abduction and lower flexion tended to have higher clearances. The effects of external
rotation on clearance were more variable. Of the nine subjects included in this analysis, only two
had consistently high clearances across all activities, attributable to higher amounts of abduction
and external rotation accompanied by low amounts of flexion, with the combination of low
flexion and higher abduction being the most consistent factor in all higher clearance events.
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During the squat activity four subjects had multiple clearances above zero, with only a few
instances in which these clearances were slightly below 0 mm. This was due to slightly higher
amounts of peak flexion and slightly less abduction and external rotation used to perform the
motion. In the chair rise exercise, there were some subjects that exhibited high flexion and high
external rotation angles with lower to medium abduction angles, resulting in low clearance.
Meanwhile, other subjects performing this activity with high amounts of flexion and medium
abduction combined with low external rotation also had low clearance. Alternatively, there were
subjects with low flexion, abduction, and external rotation that also experienced low clearance.
These trends were visible across activities but demonstrated that there was variability between
subjects in performing the same activity and ending in similar amounts of clearance while also
demonstrating some intra-subject variability in movement strategy. For more details on the
associations of low, medium, and high amounts of flexion, abduction, external rotation, and
clearance see Tables 3 - 5. All plots of the six correlations are found in Appendix C.
Table 3: Chair - associations between movement strategies and the resulting clearances. L=low, M =
moderate, H = high, LM = low to moderate, MH = moderate to high
SUBJECT #

FLEXION

ABDUCTION

EXTERNAL
ROTATION

CLEARANCE
(mm)

IMPINGE?

3
6
8
10
12
21
23
26
28
35

M
M
L
M
MH (1M)
L
H
L
MH (1H)
L

L
H
M
LM
M
L
MH (1H)
MH
M
LM (more L)

L
M
M
H
L
L
H
H
H
LM (1M)

L
L
H
L
L
L
L (1M)
H
L
L

yes
yes
no
yes
yes
yes
yes
no
yes
yes

DEFINITIONS
LOW
MODERATE
HIGH

101.09 - 112.1°
112.1 - 123.13°
123.13 - 134.16°

3.07 - 12.43°
12.43 - 21.8°
21.8 - 31.14°

6.13 - 13.53°
13.53 - 20.93°
20.93- 28.34°

-0.91 to -2.04
0.21 to -0.91
0.21 to 1.33
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Table 4: Pickup - associations between movement strategies and the resulting clearances. L=low, M =
moderate, H = high, LM = low to moderate, MH = moderate to high
SUBJECT #

FLEXION

ABDUCTION

EXTERNAL
ROTATION

CLEARANCE
(mm)

IMPINGE?

3
6
8
10
12
21
23
26
28
35

M
L
LM
LM
LM
L
H
L
M
L

L
MH
H
LM (3L, 2M)
LM (4, 1H)
L
H
MH
H
MH

L
M
M
H
L
L
H
MH
H
LM

L
M
H
L
LM (4, 1M)
H
L
H
L
M (1L, 3M,1H)

Yes
Yes
no
Yes
Yes
no
Yes
no
Yes
sometimes

DEFINITIONS
LOW
MODERATE
HIGH

102.4 - 114.7°
114 - 127°
127 - 139.4°

3.34 - 13.9°
13.9 - 24.4°
24.4 - 34.91°

5.17 - 13.61°
13.61 - 22.05°
22.05 - 30.49°

-0.83 to -2.05
0.38 to -0.83
1.59 to 0.38

Table 5: Squat - associations between movement strategies and the resulting clearances. L=low, M =
moderate, H = high, LM = low to moderate, MH = moderate to high
SUBJECT #

FLEXION

ABDUCTION

EXTERNAL
ROTATION

CLEARANCE
(mm)

IMPINGE?

3
6
8
10
12
21
23
26
28
35

H
H
LM
MH
LM
L
H
LM
MH
L

L
H
LM
LM (more M)
MH
L
LM
LM (more M)
H
L

L
M
H
H
L
L
H
H
H
M

ML (more L)
L
H
L
HM
ML
ML
HM
ML
HM (more H)

yes
yes
sometimes
yes
sometimes
yes
yes
sometimes
yes
sometimes

6.24 - 15.33°
15.33 - 24.42°
24.42 - 33.52°

7.18 - 14.01°
14.01 - 20.84°
20.84 - 27.67°

DEFINITIONS
LOW
MODERATE
HIGH

93 - 108°
108 - 123°
123 - 138°

-1.38 to -2.46
-0.3 to -1.38
0.78 to -0.3
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Table 6: R-value, R2, and p-value for all correlations. Significant correlations were found for Peak Hip
Flexion and Minimum Clearance for all activities. Significant correlation was also found for Peak Hip
Abduction vs Minimum Clearance for the chair rise and for Peak External Rotation vs Minimum
Clearance for the chair rise activity. Moderate correlation was found for Peak Hip Flexion vs Minimum
Clearance in chair rise and for Peak Hip Abduction vs Minimum Clearance in pickup. Strong correlation
was found between Peak Hip Flexion and Minimum Clearance in the squat. Bold red*= significant
correlation; bold blue^ = moderate or strong correlation
Flexion vs Abduction
Clearance vs
Clearance
Chair
Rise
Pickup

Squat

R-value
R2
p-value
R-value
R2
p-value
R-value
R2
p-value

-0.548
0.300^
<0.001*
-0.494
0.244
0.001*
-0.833
0.694^
<0.001*

0.390
0.152
0.008*
0.575
0.331^
<0.001*
-0.053
0.003
0.730

External
Rotation
vs
Clearance
0.393
0.154
0.008*
0.146
0.021
0.337
-0.087
0.008
0.569

Abduction
vs Flexion

0.080
0.006
0.603
-0.007
<0.001
0.962
0.235
0.055
0.120

Abduction
vs
External
Rotation
0.401
0.161
0.691
0.450
0.202
0.649
0.083
0.007
0.939

External
Rotation
vs
Flexion
0.131
0.017
0.903
0.135
0.018
0.900
0.013
<0.001
0.990
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Chapter 5
Discussion

5.1 Summary of Key Results and Evaluation of Hypotheses
Our study was novel in that we expanded upon past research that associated impingement
rates with certain movements by making associations between the differences in how subjects
move and their risk of impingement. After examining the joint angles produced at the hip when
performing a series of impingement-risk activities, we found that the way in which subjects
perform the same movement was highly variable. These differences relate to the amount of
clearance of the implant components in the hip and can eventually link to impingement risk.
Subjects that flexed less and abducted more had larger clearances which could potentially
decrease risk of impingement. Those individuals that flexed more, regardless of the amount of
abduction and external rotation had lower clearances, putting them at higher risk of
impingement. However, of these individuals, the ones abducting more, and in some cases
externally rotating more, improved their clearances within the low-clearance category and
trended toward higher amounts of clearance. This indicates a possible relationship between
abduction and hip flexion, suggesting that the interaction of the two movements is important for
minimizing impingement risk. While there weren’t any strong correlations between peak hip
abduction and peak hip flexion angles, there were trends seen when examining individual
subjects that showed that the combination of these variables had a potential role in increasing
clearance (Figures 33 - 35 in Appendix B). Meanwhile, the role of external rotation in
minimizing impingement risk is unclear since in some instances of high clearance, individuals
exhibited high external rotation angles while others had low external rotation angles.
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Furthermore, there were instances in which subjects with high flexion could improve their
clearances with moderate abduction and high external rotation while others with high flexion and
high abduction and moderate external rotation had clearances on the lower end of the spectrum
(Tables 3 - 5). These varying trends suggest that the timing of performing flexion, abduction, and
external rotation may also influence clearance. For instance, high abduction may not always be
protective in preventing low clearance if high rates of flexion have already occurred to
compromise clearance. There is also the possibility that depending when external rotation occurs
in performing a motion, it could either aid or inhibit abduction from minimizing low clearances
and the risk for impingement. Nevertheless, the general trend was for external rotation to
increase with abduction and helped produce lower clearances (Figures 36 - 38 in Appendix B).
This was seen in the moderate correlation between peak abduction angle and peak external
rotation angle for both the pickup and chair rise activities.
When comparing our results to the initial hypotheses, we found support for the first and
second hypotheses that predicted that higher peak flexion angles would result in lower minimum
clearances while higher peak abduction angles would result in higher minimum clearances
(Figure 24 - 29 in Appendix B). This was evidenced by significant correlations in all three
activities (p < 0.001 for chair rise and squat, p = 0.001 for pickup) for the negative correlation
between peak hip flexion and minimum clearance (see Figure 24 - 26 in Appendix B).
Significant correlations were also seen to support the positive correlation between peak hip
abduction angle and minimum clearance in the chair rise and pickup activity, but not in the squat
activity (see Figure 27 - 29 in Appendix B). Only the p-value obtained in the plot of peak
external rotation versus minimum clearance for the chair rise activity supported the hypotheses
that increased peak external rotation angle would result in larger minimum clearance (p-value =
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0.008). In the plot of peak external rotation angle versus minimum clearance for the pickup
activity, the trend line was trending in the positive direction, but for the squat activity, there was
a slight negative slope in the trend line between these two variables (see Figure 30 - 32 in
Appendix B). This difference in the effect of external rotation may be activity dependent or it
may also be due to the influences of the other two planes of motion and their relationship to
clearance. To determine the reason for the variable effect of external rotation angles on
clearance, we would need to examine the motions of more individuals and observe the timing of
the events in the three planes of motion. The fourth hypothesis predicting that higher abduction
angles would result in lower hip flexion angles was also unsupported by our data as all three
activities showed very weak or no correlations. This may suggest that individuals did not abduct
more as a strategy to flex less (see Figures 33 -35 in Appendix B).

Lastly, the hypotheses predicting that peak increased hip external rotation angle would result in
lower peak hip flexion angles was also unsupported as there were only weak correlations for all
three activities, though the trend lines were slightly positive (Figures 39 - 41 in Appendix B).
These two hypotheses may be unsupported due to the large amount of variability in the
combinations contributing to low clearance and the possibility that timing and other factors may
play a role in determining clearance.

5.2 Comparison to Previous Research
Previous research by Nadzadi et al also measured variability in performing many of the
movements that we studied, noting that subjects who performed sit-to-stand from a low chair
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abducted 20° from their initial posture with varying internal/external rotation, while subjects
picking up an object from the ground abducted 20° - 25° and internally rotated 10° - 20° from
their starting position (Nadzadi et al., 2003). The subjects we measured had much larger ranges
of abduction, ranging from 3° - 31° for the chair rise, 3° - 35° for the pickup, and 6° - 15° for the
squat. This variability helped account for the differences in clearance observed, a measure that
the Nadzadi study did not fully elaborate on. Furthermore, we similarly saw large amounts of
variation in external rotation angles for all activities, just as Nadzadi et al observed in the sit-tostand activity. However, their study found more internal rotation during the pickup motion. This
difference can be attributed to the way in which subjects were instructed to pick up the object.
The Nadzadi et al study placed the object to the side of the subject while we placed it in front.
This places two different stresses on the hip and further research would be needed to determine
which would be more detrimental to impingement risk.
From all the activities, the chair rise had the largest amount of low clearances, 7 out of 9,
while the pickup had 5 low clearances out of 9 and the squat had 5 low to moderate clearances
out of 9. If we associated low clearance with impingement events, then our results would be
comparable with McCarthy et al., which found that 8 out of 10 subjects impinged during
squatting and chair rise while 9 out of 10 impinged during pickup (McCarthy et al., 2016).
Nadzadi et al also found the highest dislocation rate in the sit-to-stand activity, which in our
study was the activity with the least amount of high clearances and could therefore be associated
with the most occurrences of impingement and potentially dislocation. The measurement of
impingement rates in the McCarthy study were done with the implants set within the safe zone,
similarly to our study in which our implant was set at 45° of inclination and 15° of anteversion of
the acetabular cup with 15° femoral anteversion. Both our study and the McCarthy study found
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the possibility of impingement in these safe zones, however, we also found instances in which
high clearances occurred that could avoid impingement when incorporating different movement
strategies.

5.3 Implications
Based on the results of this study, we learned that there are a variety of ways in which people
can perform an exercise that can either increase or decrease their risk of impingement. Therefore,
it is important to evaluate each individual’s movement strategies and its effect on clearances (and
future impingements) as well as factor in that individual’s available range of motion to perform
an exercise. While this study did not specifically find associations between the measured passive
range of motion of each subject, we could use this data in the future to explore correlations
between passive ROM and clearance and if certain strategies are used due to an individual’s
available ROM. Furthermore, we found trends in the movement strategies used that resulted in
higher clearances, particularly lower hip flexion angles and higher abduction angles. With this
information, we can provide recommendations to individuals undergoing THR procedures to
perform high-flexion activities by incorporating abduction and making efforts to minimize the
flexion utilized to execute these motions. For example, we could recommend that therapists
educate their patients to change how they perform movements in the following ways:


Step out to the side by abducting the leg before bending over to pick something up off the
ground



Separate the legs wider than hip width when rising from a chair and turn the toes out
slightly
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Widen their stance when squatting down

Also, we found that, even within the safe zone, the possibility to low clearance still exists.
Therefore, while implant design and orientation are important factors to consider, surgeons
should also take into account the way each patient moves and find the optimal implant placement
that will work best with their movement patterns.

5.4 Limitations
While this study showed differences in movement variability in performing the
designated activities, there were some limitations to the methods used. This study tested only 10
healthy subjects, a small number that may not be as representative of the movement patterns of
those undergoing THR. Furthermore, the results of only 10 subjects may not encompass all
movement strategies available and may not represent how often these patterns are employed.
However, the motions performed were activities that would be commonplace for both
populations and the movements themselves have relatively limited motion paths (except the
pivot motion), which only permit certain absolute ranges of flexion and ab/adduction regardless
of each individual’s available range of motion to move in each plane (Nadzadi et al., 2003). We
also examined hip joint angles on only the right hip.
Prior to testing we measured each subject’s passive range of motion using a goniometer.
The reliability and accuracy of goniometry testing has been widely researched and has found
mixed conclusions. The accuracy of these measurements depends predominantly on the expertise
and experience of the person performing the measurements. It is also important to stabilize the
pelvis during testing to avoid compensations to achieve larger ranges of motion. While we did
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not stabilize the pelvis in this study, we visually checked for any compensations and tried to cue
the motion to prevent subjects from compensating. In future studies, with a larger sample size,
we would incorporate some sort of stability belt to improve the accuracy of the results.
Furthermore, we only performed one measurement of each range of motion test. Researchers
have found an average of 5° of variation between measures and generally encourage repeat
measures by the same tester. However, one study found that there was no significant difference
between repeated measures made by the same examiner in one session, meaning that our results
may not have been significantly different had we done repeated measures (Norkin and White,
2009).
In order to perform the rollover activity, we developed a front-pelvis cluster to replace
the back-pelvis cluster since keeping the back-pelvis cluster on would have crushed the markers
and rendered them invisible. While the front-pelvis cluster is not commonly used, we tested its
accuracy against the back-pelvis angles produced and determined it made an accurate proxy for
the back-pelvis. Of particular importance in defining the pelvis segment is the accurate
placement of the ASIS and PSIS markers. These markers are challenging to place since soft
tissue in that area, especially in heavier individuals, can make it difficult to locate the bony
landmarks. Since all subjects were either overweight or obese, this may have had an effect on the
accuracy of marker placement since some landmarks were harder to locate. Also, since these
individuals had more adiposity, there was more room for error if markers or clusters moved
along the skin. We addressed this issue by securing the clusters with elastic wrap and tape. We
also had our laboratory supervisor confirm the placement of these markers for each subject and
we used consistent landmarks in the area to improve our accuracy.
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As we tested subjects performing the 11 activities, we had subjects modify their arm
placement to ensure visibility of the markers, for example, in walking we had subjects stretch out
their arms in a T-shape. However, this is not a typical or functional way to walk, but for the
purposes of this study, in which we were more concerned with the hip angles, the effect of the
arms’ placement was minimal. Subjects also learned the movements as they went along, and,
while they had the opportunity to practice once or twice if they chose to, they may have moved
differently with more practice.
The standing trial was not used to correct the pelvic tilt such that it was identically zero in
quiet standing, and this may have affected the clearance results. Pelvic tilt has been shown to
influence the functional orientation of the acetabular component and when misaligned can cause
the acetabular component to be excessively anteverted (McCarthy et al., 2016). Pelvic tilt can
also influence an individual’s biomechanics, impingement free ROM, and the stability of the
joint (Murphy et al., 2013). However, when examining the pelvic tilt angles produced in our
data, the adjustment made would have made only a few degrees of difference to the joint angles
produced. In future studies, we would make this adjustment and see the effect it has on hip joint
angles.
In analyzing the data, we classified low, medium, and high ranges for flexion, abduction,
external rotation, and clearance by finding the minimum and maximum for each and dividing
equally into thirds. It is possible that this method does not accurately categorize the angles
produced by each subject since subjects could have clustered in one range and had a few outliers
influencing the formation of the ranges. However, by looking at the various plots, the
distribution of the data was wide enough that this method of categorizing the variables provided
an accurate picture of what was occurring. For future analyses, we would consider doing a
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cluster analysis to address this limitation. A second limitation in analyzing the data was that we
only looked at peak angles for each of the planes of motion. We did not look at the timing of
when impingement occurred and which motions were performed prior to impingement. In other
words, a subject may have performed enough flexion to cause impingement prior to abducting or
externally rotating so these motions may have had little effect on preventing impingement. So,
understanding the order in which these motions occur could influence the clearances observed
and help understand which strategies optimize high clearance.

5.5 General Conclusions and future studies
This study provided data on a variety of motions and has the potential to elaborate on the
different movement strategies utilized in each and their relation to clearance and future
impingement. While low flexion and high abduction angles seem to be the ideal combination for
increased clearance, future research would need to be done to confirm this association and see if
it holds true across other types of activities. In future studies, we would expand on this study in
the following ways:


Correlate the movement strategies used to perform the other activities we measured and
see if there is any difference with anterior- and posterior-dislocating activities in
impingement-preventing strategies.



Perform the same measures in younger populations since current research shows that
increasingly younger individuals are undergoing THR and compare this to impingement
rates in older populations (Ravi et al., 2012)



Incorporate the initial ROM assessments into the analysis for determining which factors
play a role in impingement. For example, do individuals with more available passive
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range of motion incorporate certain strategies to improve impingement or can these
individuals move through higher ranges of movement without impinging.


Make comparisons across gender and see if that influences impingement rates.



Perform a study in which cinefluoroscopy is used to observe how the implant moves
during various activities and clearances can be seen rather than estimated using a model.



Utilize wireless EMG to capture muscle activation in performing these type of
impingement activities and see the relationship different muscles have in contributing to
movement strategies and influencing impingement risk.
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Appendix A
Marker placement
Table 7: Marker location. Markers in bold were used in dynamic trials only whereas all markers were
included in the static trial. Subjects are standing in anatomical position.

Marker name
Anatomical location
Clusters – each has 4 reflexive markers
Right Upper Arm - RARM anterolateral humerus
1,2,3,4
Left Upper Arm - LARM
anterolateral humerus
1,2,3,4
Right Forearm – RFARM
Dorsal side of forearm
1,2,3,4
Left Forearm – LFARM
Dorsal side of forearm
1,2,3,4
Front Pelvis – PEL 5,6,7,8
Over the right ASIS and iliac crest
Back Pelvis – PEL 1,2,3,4
Top two markers centered
between right and left PSIS
Right Thigh – RTH 1,2,3,4
Anterior mid-thigh of right leg
Left Thigh – LTH 1,2,3,4
Anterior mid-thigh of left leg
Right Shank – RSK 1,2,3,4
Midway down shank, curving along
tibial crest
Left Shank – LSK 1,2,3,4
Midway down shank, curving along
tibial crest
Right Foot – RFOOT 1,2,3,4 Laced with shoe over top of midfoot
Left Foot – LFOOT 1,2,3,4
Laced with shoe over top of midfoot
Bias Markers
Right Upper Arm - RUA
Superior and slightly anterior to
right arm cluster
Left Upper Arm - LUA
Superior to left arm cluster,
midway between top two markers
Right Forearm – RFA
Inferior to right forearm cluster, in
between bottom two markers
Left Forearm – LFA
Superior to left forearm cluster, in
between top two markers
Front Pelvis – PEL
To the left of belly button
Right Thigh – RTH
Lateral right femur, in line with
middle of right thigh cluster

Number on marker pictures
11-14
22-25
16-19
28-31
38, 39, 40, 41
103, 104, 105, 106
42 - 45
48-51
60-63
65-68
80-83
84-87

9
90
20
88
37
46
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Left Thigh – LTH

Right Shank – RSH

Left Shank – LSH
Right Foot – RFT
Left Foot – LFT
Individual Markers
Front of head
Left Head
Right Head
HED
STRN
TRX
Rt Shoulder
Lt Shoulder
Right Upper Back – Rt Up
Back
Right Lower Upper Back –
Rt Lower Upper Back
Left Upper Back – Lt Up
Back
Left Lower Upper Back – Lt
Lower Upper Back
Right arm anterior – Rt Arm
Ant
Right arm posterior– Rt
Arm Post
Rt Elbow
Rt Radius
Rt Ulna
Left arm anterior – Lt Arm
Ant
Left arm posterior– Lt Arm
Post
Lt Elbow
Lt Radius
Lt Ulna

Inferior to left thigh cluster halfway
between bottom two cluster
markers
Inferior to left shank cluster
halfway between bottom two
cluster markers
Lateral right shank, inferior to
shank cluster
Lateral right foot
Anterior foot in between 2nd and
5th toe marker
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Middle of the forehead
Left temple
Right temple
Left cheek in line with mouth
Manubrium of the sternum
1st rib on left side
Acromion process on right side
Acromion process on left side
Superior angle of the scapula

1
2
3
4
7
6
8
5
97

Inferior angle of the scapula –
towards the medial border
Superior angle of the scapula
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Inferior angle of the scapula –
towards the medial border
Middle anterior humerus
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Middle posterior humerus
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Lateral epicondyle of humerus
Right radial styloid process
Right ulnar styloid process
Middle anterior humerus

15
21
94
26

Middle posterior humerus
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Lateral epicondyle of humerus
Left radial styloid process
Left ulnar styloid process

27
32
92

64

69
79
77

95

10

60

Rt PSIS
Rt Lower PSIS
Lt PSIS
Lt Lower PSIS
Rt Hip
Rt Hip Front
Lt Hip
Lt Hip Front
Rt Thigh Up Ant
Rt Thigh Up Post
Rt Medial Knee
Rt Lateral Knee
Lt Thigh Up Ant
Lt Thigh Up Post
Lt Medial Knee
Lt Lateral Knee
Rt Tibia
Lt Tibia
Rt Medial Ankle
Rt Ankle
Rt 2nd Toe
Rt 5th Toe
Rt Heel
Lt Medial Ankle
Lt Ankle
Lt 2nd Toe
Lt 5th Toe
Lt Heel

Posterior iliac crest on right side
Right PSIS
Posterior iliac crest on left side
Left PSIS
Anterior iliac crest on right side
Right ASIS
Anterior iliac crest on left side
Left ASIS
Middle of right thigh cluster on
anterior thigh
Middle of posterior right thigh
Medial femoral condyle
Lateral femoral condyle
Middle of left thigh cluster on
anterior thigh
Middle of posterior left thigh
Medial femoral condyle
Lateral femoral condyle
Right tibial tuberosity
Left tibial tuberosity
Right medial malleolus
Right lateral malleolus
Dorsal side 2nd metatarsal of right
foot
Dorsal side 5th metatarsal of right
foot
Achilles tendon attachment to
calcaneous
Left medial malleolus
Left lateral malleolus
Dorsal side of 2nd metatarsal of left
foot
Dorsal side of 5th metatarsal of left
foot
Achilles tendon attachment to
calcaneous

101
102
99
100
33
35
34
36
47
108
55
54
53
107
56
57
58
59
71
70
75
74
109
72
73
76
78
91
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Figure 21: Front view of static marker set. Green numbers are part of the static and dynamic
marker set while pink or brown numbers are only in the static marker set.
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Figure 22: Posterior view of static marker set. Green numbers are part of the static and
dynamic marker set while pink or brown numbers are only in the static marker set.
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Figure 23: Left image is the left side and right image is the right-side view of static marker set.
Green numbers are part of the static and dynamic marker set while pink or brown numbers are
only in the static marker set.
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Appendix B
Plots from Results

Figure 24: Peak hip flexion vs minimum clearance - chair rise

Figure 25: Peak hip flexion vs minimum clearance – pickup
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Figure 26: Peak hip flexion vs minimum clearance – squat

Figure 27: Peak hip abduction angle vs minimum clearance - chair rise
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Figure 28: Peak hip abduction angle vs minimum clearance – pickup

Figure 29: Peak hip abduction angle vs minimum clearance – squat
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Figure 30: Peak hip external rotation angle vs minimum clearance – chair rise

Figure 31: Peak hip external rotation angle vs minimum clearance – pickup

68

Figure 32: Peak hip external rotation angle vs minimum clearance - squat

Figure 33: Peak hip abduction vs peak hip flexion angle - chair rise
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Figure 34: Peak hip abduction vs peak hip flexion angle – pickup

Figure 35: Peak hip abduction vs peak hip flexion angle – squat

70

Figure 36: Peak hip abduction vs peak external rotation angle - chair rise

Figure 37: Peak hip abduction vs peak external rotation angle - pickup
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Figure 38: Peak hip abduction vs peak external rotation angle – squat

Figure 39: Peak external rotation angle vs peak hip flexion angle - chair rise
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Figure 40: Peak external rotation angle vs peak hip flexion angle – pickup

Figure 41: Peak external rotation angle vs peak hip flexion angle - squat
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Appendix C
ROM Protocols and Measurements

Thomas Test and knee flexion

Each subject was instructed to sit at the edge of a massage table and hug both knees to
his/her chest as he/she laid back on the table. To measure hip extension on the right leg, the
subject was instructed to keep the left leg held against the chest enough to keep the lower back
and pelvis on the table while extending the right leg off the table, allowing it to hang. From here,
we placed the fulcrum of the goniometer on the right greater trochanter and aligned the proximal
arm of the goniometer with the lateral midline of the pelvis. Then we aligned the distal arm along
the lateral midline of the femur using the lateral epicondyle for reference (see Figure 42 for
goniometer alignment for this test). This test examined the length of the psoas, ilopsoas muscle,
the tensor fasciae latae, the rectus femoris, the pectineus, and the adductor longus and brevis.
Normal hip extension is 10° - 20°. If the thigh stayed flat on the examination table and the knee
was in 80° of flexion, then the iliopsoas and rectus femoris were of normal length. If the knee
extended past 80° while the thigh was flat on the table, then the rectus femoris is short. On
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average, the subjects lacked sufficient hip extension range of motion and had greater than 80°
knee extension indicating tightness in the rectus femoris.

Figure 42: Thomas Test measuring hip extension on the right leg (Norkin and White, 2009)

Hip flexion, bent knee
Each subject began by laying supine on a massage table with both knees extended on the
table and in 0° of abduction, adduction, and rotation. The subject was instructed to flex the hip
by lifting the thigh being measured towards the chest. Motion stopped when the knee couldn’t
flex any further toward the chest without producing a posterior pelvic tilt. The goniometer was
aligned in the same position as during the Thomas test (see Figure 43). Normal range of motion
for bent knee hip flexion is about 120° - 140°. On average, subjects were below the norms for
range of motion, at about 106°.
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Figure 43: Hip Flexion with Knee Bent (Norkin and White, 2009)

Hip flexion, straight leg
Each subject began by laying supine on a massage table with both knees extended on the
table and in 0° of abduction, adduction, and rotation. The subject was instructed to keep the knee
straight while flexing the leg of interest up off the table until tension was felt in the back of the
upper thigh. The motion ended when this tension occurred and if the knee bent or the pelvis and
lumbar spine compensated by going into a posterior pelvic tilt or flexion respectively. The
goniometer placement was the same as for the Thomas test (see Figure 44). Normal hip flexion
is between 70° and 80° and reflects the length on the hamstring muscles. On average, subjects
met or exceeded the standard for range of motion at around 85° - 86°.

Figure 44: Straight leg hip flexion (Norkin and White, 2009)
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Hip abduction
Each subject began by laying supine on a massage table with both knees extended on the
table and in 0° of abduction, adduction, and rotation. The subject was instructed to abduct the leg
of interest by sliding the leg across the table out to the side. Motion was stopped when tension
was felt on the inside of the leg or if the subject compensated with the pelvis to obtain more
motion. The center fulcrum of the goniometer was placed on the anterior superior iliac spine
(ASIS) of the leg being measured. The proximal arm was aligned along an imaginary horizontal
line from one ASIS to the other. The distal arm was aligned with the anterior midline of the
femur, using the patella as a reference (see Figure 45). Normal hip abduction is between 40° 45° and indicates adductor muscle length. On average, subjects were below the norms for range
of motion measuring at about 30° - 34°.

Figure 45: Hip abduction (Norkin and White, 2009)
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Hip adduction
The subject began by laying supine on the massage table with both knees extended on the
table and in 0° of abduction, adduction, and rotation. The subject was instructed to abduct the leg
not being measured so the leg of interest could have room to adduct. The subject then adducted
the leg being measured toward the contralateral leg while keeping the leg sliding along the table.
Motion stopped when the subject felt resistance to further adduct or if the pelvis compensated to
provide extra movement. The goniometer was aligned in the same manner as in hip abduction
(see Figure 46). Normal range of motion for hip adduction is 20°. On average, subjects met the
range of motion criteria measuring between 15° - 21°.

Figure 46: Hip adduction (Norkin and White, 2009)

Hip internal rotation
The subject began lying prone on the massage table with both legs extended. The subject was
instructed to flex the knee being measured to 90° and then rotate the leg so the foot moved away
from the midline (while keeping the knee still). The center fulcrum of the goniometer was placed
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over the patella while the proximal arm was aligned perpendicular to the floor and in line with
the tibia before the leg rotated out. The distal arm was aligned with the anterior midline of the
lower leg, using the crest of the tibia and a point halfway between the two malleoli as a
reference, then moving along with the lower leg as it rotated out (See Figure 47). Normal range of
motion is around 45°. On average, subjects were slightly below standards, measuring 38° - 42°.

Figure 47: Hip internal rotation (Norkin and White, 2009)

Hip external rotation
The subject began lying prone on the massage table with both legs extended. Subject was
instructed to flex the knee being measured to 90° and then rotate the leg so the foot moves
toward the midline (while keeping the knee still). The goniometer alignment was the same as for
hip internal rotation and normal range of motion for external rotation is 45° - 50° (see Figure 48).
On average subjects were close to range of motion norms measuring around 42°.
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Figure 48: Hip external rotation (Norkin and White, 2009)
Table 8: ROM data for all subjects. Negative values in Thomas test indicate hip is in flexion.
Subject Number
Leg
3
6
8
10
12
21
23
26
28
35
All mean:
Male mean:

Thomas Test – Hip
Extension
Right
0°
0°
-10°
3°
5°
2°
5°
7°
-12°
0°
0°
-2.8°

Knee flexion
Left
0°
0°
-20°
3°
2°
3°
7°
0°
0°
2°
-0.3°
-3°

Hip flexion bent
knee
Right
108°
115°
130°
124°
109°
132°
119°
112°
123°
112°
118.4°
120.2°

Hip flexion
straight leg
Left
110°
115°
102°
150°
110°
131°
119°
113°
135°
175°
126°
122.4°

Internal Rotation
prone
Right
30°
30°
10°
20°
20°
26°
14°
20°
19°
23°
21.2°
19.8°

External Rotation
prone
Left
11°
15°
11°
22°
14°
28°
5°
25°
10°
12°
15.3°
14.4°

Table 9: ROM for all subjects continued
Subject Number
Leg
3
6
8
10
12
21
23
26
28
35
All mean:
Male mean:

Hip Abduction

Hip Adduction

Right
27°
35°
19°
31°
17°
26°
64°
16°
29°
30°
29.4°
26.2°

Left
26°
48°
14°
35°
25°
26°
67°
29°
38°
39°
34.7°
32°
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Appendix D
Documentation for study

Research Flyer

Research Study Participants Needed

Are you:
 55-75 years old?
 Free of joint pain and with no joint replacements?
 A recreational golfer?
 Interested in being a part of a biomechanics study of hip motions?
What is involved?
 Having your motions measured while you perform several everyday activities
 Having your golf swing analyzed at the Penn State Golf Teaching and Research Center
Participants will:



Learn about the mechanics of their golf swing
Help add to knowledge that may improve hip replacement designs
Please Contact Us for More Information

If you are interested and would like to learn more, please call Dr. Stephen Piazza in the Penn
State Biomechanics Laboratory at 814-865-3413, or send email to piazza@psu.edu
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Consent form
CONSENT FOR RESEARCH
The Pennsylvania State University

Title of Project: Characterization of Motions that Often Challenge Total Hip Replacement Patients
Principal Investigator:
Office Address:
Email:
Telephone Number:

Stephen Piazza
29 Recreation Building, University Park, PA 16802
piazza@psu.edu
(814) 865-3413

Subject’s Printed Name: ___________________________________________________

We are asking you to be in a research study. This form gives you information about the research.
Whether or not you take part is up to you. You can choose not to take part. You can agree to take part
and later change your mind. Your decision will not be held against you.
Please ask questions about anything that is unclear to you and take your time to make your choice.

1. Why is this research study being done?
This research study is being done to measure the motions of the hip joint during everyday activities
in persons who are of an age when they might receive a hip replacement. You were asked to take
part in this study because you meet the inclusion criteria are able to complete the protocol.
Approximately 10 people will take part in this research study at Penn State.
2. What will happen in this research study?
In this research study, you will be asked to will have your height and weight measured after you
provide your consent. We will measure how far you can rotate your hips in various directions. Small
round markers will be attached with tape to various locations on your arms, legs, torso, and head so
that we can measure your movements using cameras that track the markers.
You will then be asked to perform various activities while the cameras connected to our motion
capture system track your movements. One of these cameras will be a standard video camera that
will record images of your movements. During the first session the following activities will be
measured in the Penn State Biomechanics Laboratory: walking, picking an object up off the floor,
turning to one side and reaching, rising from a chair, transferring from one chair to another,
squatting part-way down, pretending to put on a sock, and rolling over in bed. The first session
should last about 3.0 hours.
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In the second session on a different day, you will visit the Penn State Golf Teaching and Research
Center (GTRC). At the GTRC, you will undergo an analysis of your golf swing following the
procedures usually implemented there. These procedures will again involve tracking markers
attached to your body and will in addition involve measurement of the forces applied to your feet
by the ground. The second session at the GTRC should last about 3 hours.
The measurements of your golf swings collected in the GTRC will be shared with the investigators
on this study. GTRC personnel will share these data using a secure means so that only GTRC
personnel and the investigators on this study have access to your motion data.
All the data we collect will be kept secure on university servers that can be accessed only by
members of the study team.
3. What are the risks and possible discomforts from being in this research study?
The risks to participants in this study are minimal. You will be performing activities that you
perform regularly in daily life. These include swinging a golf club, which should be familiar to
you as a recreational golfer. There is the risk that you would fall or strain a muscle while you are
performing the activities described above, but we judge the risk here to be minimal because
none of these activities is strenuous.
Possible discomforts include the removal of the markers which are attached to the skin with
adhesive tape.
There is a risk of loss of confidentiality if your information or your identity is obtained by someone
other than the investigators, but precautions will be taken to prevent this from happening. The
confidentiality of your electronic data created by you or by the researchers will be maintained to the
degree permitted by the technology used. Absolute confidentiality cannot be guaranteed, however.
4. What are the possible benefits from being in this research study?
4a. What are the possible benefits to you?
There is no direct benefit to the participants other than learning about the mechanics of your
golf swing as part of the golf swing analysis at the GTRC.
4b. What are the possible benefits to others?
This research will potentially fill the gaps in scientific knowledge of how people move when
performing activities that require large hip rotations. This will help the designers of hip implants
to improve hip replacement designs.
5. What other options are available instead of being in this research study?
You may decide not to participate in this research.
6. How long will you take part in this research study?
Being in this research study will require about 6.0 hours of your time over two sessions, one in
the Biomechanics Laboratory (3.0 hours) and one at the GTRC (3 hours).
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7. How will your privacy and confidentiality be protected if you decide to take part in this research
study?
Efforts will be made to limit the use and sharing of your personal research information to people
who have a need to review this information.
 A list that matches your name with your code number will be kept in a locked file cabinet in the
Biomechanics Laboratory.


Your research records will be labeled with your participant number and will be stored on the
PSU Box server.

In the event of any publication or presentation resulting from the research, no personally
identifiable information will be shared.
Your face will be blurred in the video recordings we make of your movements that will be used
for future research purposes.
We will do our best to keep your participation in this research study confidential to the extent
permitted by law. However, it is possible that other people may find out about your participation in
this research study. For example, the following people/groups may check and copy records about
this research.
 The Office for Human Research Protections in the U. S. Department of Health and Human
Services
 The Penn State Institutional Review Board (a committee that reviews and approves research
studies) and
 The Penn State Office for Research Protections.
Some of these records could contain information that personally identifies you. Reasonable efforts
will be made to keep the personal information in your research record private. However, absolute
confidentiality cannot be guaranteed.
We may use data collected in this study for future research, but if we do so those data will not have
any of your personally identifiable information associated with them.
8. What happens if you are injured as a result of taking part in this research study?
In the unlikely event you become injured as a result of your participation in this study, medical
care is available. It is the policy of this institution to provide neither financial compensation nor
free medical treatment for research-related injury. By signing this document, you are not
waiving any rights that you have against The Pennsylvania State University for injury resulting
from negligence of the University or its investigators.
9.

Will you be paid or receive credit to take part in this research study?
Participants will be paid for taking part in this research study. Each participant will be paid a
stipend of $120 for full participation in this study. Should you withdraw from the study before
data collection is completed, you will be paid on a prorated basis of $20 per hour.
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It is possible that your research information may be used by the research sponsor to develop
products that could be patented and licensed. There are no plans to provide financial
compensation to you should this occur.
10. Who is paying for this research study?
Funding disclosure: This research is being funded by Stryker Orthopaedics, Inc. of Mahwah, NJ.
Conflict of Interest: The Principal Investigator, Dr. Stephen Piazza, is engaged in consulting work on
by the sponsor of this research. This work involves creating computer programs for analyzing
hip motion data like those collected in this study. The Penn State Office of Research
Protections is aware of this relationship and has determined that no conflict of interest exists.
11. What are your rights if you take part in this research study?
Taking part in this research study is voluntary.
 You do not have to be in this research.
 If you choose to be in this research, you have the right to stop at any time.
 If you decide not to be in this research or if you decide to stop at a later date, there will be no
penalty or loss of benefits to which you are entitled.
12. If you have questions or concerns about this research study, whom should you call?
Please call the head of the research study (Principal Investigator), Stephen Piazza at (814) 865-3413
if you:
 Have questions, complaints or concerns about the research.
 Believe you may have been harmed by being in the research study.
You may also contact the Office for Research Protections at (814) 865-1775,
ORProtections@psu.edu if you:
 Have questions regarding your rights as a person in a research study.
 Have concerns or general questions about the research.
 You may also call this number if you cannot reach the research team or wish to offer input or
to talk to someone else about any concerns related to the research.


INFORMED CONSENT TO TAKE PART IN RESEARCH


Signature of Person Obtaining Informed Consent
Your signature below means that you have explained the research to the subject or subject
representative and have answered any questions he/she has about the research.
______________________________________
_________
___________________
Signature of person who explained this research
Date
Printed Name
(Only approved investigators for this research may explain the research and obtain informed consent.)
Signature of Person Giving Informed Consent
Before making the decision about being in this research you should have:
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 Discussed this research study with an investigator,
 Read the information in this form, and
 Had the opportunity to ask any questions you may have.
Your signature below means that you have received this information, have asked the questions you currently
have about the research and those questions have been answered. You will receive a copy of the signed and
dated form to keep for future reference.
By signing this consent form, you indicate that you voluntarily choose to be in this research and agree to
allow your information to be used and shared as described above.
_______________________________________
Signature of Subject

__________
Date

___________________
Printed Name
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Attended multiple tutorials, research and poster presentations
Spoke with various medical professionals from all over the world about current uses of gait analysis and the
potential advancements in this field
Work Experience

Employee at Pennsylvania State Indoor Tennis Center – University Park,
Pennsylvania




Oct.2015-present

Tennis instructor of the junior summer camps for children from age 3-18
Conducted other duties including: processing payments at the front desk, stringing rackets, and ensuring
the smooth functioning of facility

Therapeutic Exercise Instructor at GTA- Naples, Florida

Dec. 2015

Designed and conducted a two-week Active Isolated Stretching workshop tailored for tennis players at the
Gomez Tennis Academy (GTA)

Tennis coach – Maryland and Virginia





May-June 2014
208 volunteer hours

Calibrated and conducted gait tests using markers, force plates, and Vicon Camera system
Interpreted graphs summarizing the results of walking data
Utilized a foot pressure system and a GaitRite mat to produce an image of walking patterns in patients
Obtained experience using and interpreting EMG data during a gait test
Used different software and motion capture programs: SIMM, orthotrack, and real-time software
Shadowed the treatment of stroke patients in the in-patient and out-patient physical therapy division

Gait and Clinical Movement Analysis Society (GCMAS) Conference – University of
Delaware
Attendee



Aug. 2014present

2008-present

Instructed young children (ages 3-18) and adults on proper technique
Organized variety of drills to help students improve and helped foster an appreciation for the game
Assistant coach at various Tennis Clubs: Regency Sport and Health Club, McLean, VA; Quince Orchard Swim
and Tennis Club, Gaithersburg, MD; Marna Katzel Tennis Summer Camp, Gaithersburg, MD

Leadership and Extracurricular activities
Secretary for the Kinesiology Club





Aug 2016 - present

Communicated with students, faculty, and others in the
university regarding upcoming events
Managed student membership
Obtained funding for students to attend the American
College of Sports Medicine Conference for a second year
June 2016

Volunteer fitness-tester at Library of Congress in Washington
D.C




Conducted fitness tests on Library of Congress employees at their annual health fair
Performed finger stick blood tests to measure cholesterol and blood glucose

Student representative on Kinesiology Department’s Diversity and Climate
Committee




Enhance and create awareness of diversity in Kinesiology major curricula
Helped organize events and discussions to promote interactions between students and faculty

Alumni Relations and Professional Development Chair for the Kinesiology Club






Aug 2015 – present

Aug 2015 – May 2016

Organized Professional Development workshops and Internship/Graduate School fairs to help students
learn skills to help obtain jobs/internships, get accepted to graduate school, and build networking skills
Wrote monthly newsletter sent out to students and alumni highlighting club activities
Participated in monthly conference calls with the Kinesiology Affiliate Program Group to provide Club
updates and discuss ways to further student and alumni involvement and interaction
Obtained funding for students to attend the American College of Sports Medicine Conference

Club Tennis captain & player – The Pennsylvania State University – University
Park, PA



Won USTA Tennis on Campus Section Championship and the “Battle of Sections Tournament” in fall 2015

Division I tennis player – The Pennsylvania State University – University Park,
PA




-

Aug 2013 – May 2015

Competed throughout the year while managing full academic course load
Volunteered in multiple Special Olympics events: organized tennis drills to help participants enjoy the game
and feel part of the community

Relay for Life Chair for the Kinesiology Club – The Pennsylvania State
University



Aug 2015- present

Aug. 2014 – May 2015

Organized fundraisers to help raise $1578.06 towards cancer research
Academic Achievements and Awards

Student Marshal representing the Department of Kinesiology during the spring
commencement ceremony
Student Service Award presented by the College of Health and Human Development
Alumni Recognition for Student Excellence Award presented by the College of Health
and Human Development Alumni Society at the Pennsylvania State University
Kinesiology Scholarship awarded by the College of Health and Human Development at
the Pennsylvania State University
Fasola Family Trustee Schreyer Scholarship awarded by the Pennsylvania State
University
Student Leadership Scholarship awarded by Pennsylvania State University
Bunton-Waller Academic Scholarship for Full Tuition at the Pennsylvania State
University

2017
2017
2017
2016-2017
2016-2017

2015
2013-2017

-

The Big Ten Distinguished Scholar Award


-

Member of Athletic Director’s Leadership Institute







2014-2015

Presented to student-athletes with a minimum GPA of 3.7 or higher
2014-2015

Attended various events to develop leadership skills and learn how different personalities influence group
dynamics
Special Skills
Fluent in Spanish – speaking, reading, and writing
Proficient in Microsoft Office, Google Docs, and windows live moviemaker
Made Khan Academy style videos on principles of physics and biomechanics for an introductory course for Dr.
Piazza at the Pennsylvania State University (KINES 197A)

