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ABSTRACT 

 While total hip arthroplasty is considered a successful procedure, dislocation 

remains a serious complication as recurrent dislocations may require additional surgeries. 

Knowledge on dislocation events as they occur in vivo are limited, therefore researchers 

rely on experimental and computational methods. A custom MATLAB script and an 

experimental procedure utilizing a six-degree of freedom actuator were developed to 

further understand how various surgical considerations affect dislocation mechanics in 

total hip arthroplasty. Computationally, it was determined that impingement free range of 

motion is limited during internal rotation in flexion and during external rotation in 

extension. Experimentally, our results suggest that the posterior approach provides more 

stability to anterior dislocations as the soft tissue structures became taut sooner in the 

rotation. Additionally, we found that dual mobility total hip arthroplasty provided a 

greater resistive torque during an impingement event than conventional total hip 

arthroplasty. 
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CHAPTER 1: Introduction 

1.1 Introduction to Total Hip Arthroplasty 

 Total hip arthroplasty (THA) is a successful procedure in reducing pain, joint 

deformity, and loss of function in patients with osteoarthritis (Dowsey et al., 2016). 

While THA is a successful procedure, dislocation remains a complication with 

dislocation rates ranging from 0.12% to 16.13% (Kunutsor et al., 2019). During THA, 

there are many surgical considerations including approach, capsular repair, and implant 

selection; however, it is not clear how each of these factors affect resistance to 

dislocation. As the number of THA’s is expected to grow from 498,000 in 2020 to 

1,429,000 in 2040 (Singh et al., 2019), it is important to decrease the number of 

dislocations as recurrent dislocations can lead to additional surgeries (Bourne and Mehin, 

2004). 

 Dislocation rates as a result of surgical approach are still not clear, as some 

studies have shown that the direct anterior approach reduces dislocation rates compared 

to the posterior approach (Higgins et al., 2015; Miller et al., 2018) while others have 

shown non-significant differences (Malek et al., 2016; Maratt et al., 2016; Tay et al., 

2019). Similarly, as some surgeons perform a complete excision of the hip capsule while 

others perform capsular repair following THA (Swanson et al., 2019), the benefit of 

capsular repair is still debated. In addition to surgical approach and capsular repair 
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technique, dual mobility implants are gaining popularity, so it is not fully understood how 

all surgical considerations interact in their effects on dislocation resistance. 

 The goal of this thesis was to use computational and experimental methods to 

analyze how approach, capsular repair, and implant selection affect dislocations in total 

hip arthroplasty. By performing one direct anterior and posterior approach THA on 

contralateral hips, a repeated measures study was performed to simultaneously compare 

approach and effects of capsular repair. Additionally, mechanics of conventional and dual 

mobility total hip arthroplasty were compared as modular dual mobility allowed for 

implants to be swapped. 

1.2 Thesis Objectives 

The objectives of this this thesis were to: 

1. Determine the impingement free range of motion of native hips and hips 

implanted with dual mobility total hip arthroplasty during internal and 

external rotation through flexion 

2. Compare how surgical approach affects passive tissue range of motion during 

internal and external rotation through flexion, and compare the passive tissue 

constraints to the impingement free range of motion 

3. Determine the relative torque contribution of capsular repair following total 

hip arthroplasty during internal and external rotation through flexion 

4. Compare how surgical approach and capsular repair effect soft tissue stiffness 

and range of motion during movements likely to cause dislocations 
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5. Compare how dual mobility and conventional implants affect type of 

impingement, impingement angle, resistive torque, and resistive energy during 

movements likely to cause dislocations 

1.3 Thesis Overview 

 This thesis is designed to provide both a review of previous research as well as 

original research related to factors which affect dislocation resistance in total hip 

arthroplasty. Chapter 2 provides a review of literature to give the reader insight into the 

methodology and research questions that have been previously investigated. Chapter 3 

provides a detailed report on an original study performed at the University of Denver to 

analyze impingement and soft tissue mechanics of native and implanted hips during 

through flexion. Chapter 4 provides a detailed report on an original study performed at 

the University of Denver on total hip arthroplasty mechanics during movements likely to 

cause anterior and posterior dislocations. Chapter 5 provides concluding remarks 

regarding the main findings from these studies and future work. 
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CHAPTER 2: Literature Review 

2.1 Total Hip Arthroplasty Overview 

 Total hip arthroplasty (THA) is a commonly performed procedure in the United 

States with annual counts predicted to increase from 498,000 in 2020 to 1,429,000 in 

2040. (Singh et al., 2019). THA is a common treatment for patients with osteoarthritis 

which reduces pain, joint deformity, and loss of function (Dowsey et al., 2016). The 

procedure involves resecting the head/proximal neck of the femur and acetabular 

cartilage/subchondral bone and replacing them with a small diameter head/femoral stem 

and acetabular component (Siopack and Jergesen, 1995). 

 While THA is considered a successful procedure, dislocation as a result of 

impingement and levering out (Fig. 2.1) is a common reason for clinical failures (Brown 

et al., 2014). For primary THA, dislocation rates have been reported from 0.12% to 

16.13% (Kunutsor et al., 2019). Recurrent dislocations are troublesome as they require 

modular components to be exchanged (i.e., change of offset, head size, etc.) or a revision 

surgery (Bourne and Mehin, 2004). As it remains unclear which factors affect dislocation 

resistance, total hip arthroplasty remains a topic of interest in biomechanical research. 
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Figure 2.1: Conceptual Schematic of Impingement and Dislocation (Amstutz et al., 1975) 

2.2 Dual Mobility Total Hip Arthroplasty 

 Dual mobility total hip arthroplasty (DM-THA) was first introduced in 1974 and 

was developed by Professor Gilles Bousquet and engineer André Rambert (de Martino et 

al., 2014). The dual mobility implant is constructed of a large-inside-diameter acetabular 

shell and a bipolar femoral component (Guyen et al., 2009). This design allows for two 

articulations: a small articulation between the femoral head/polyethylene liner and a large 

articulation between the polyethylene liner/acetabular shell (Blakeney et al., 2019). 

 Among dual mobility implants, there are two designs used for acetabular 

articulation and fixation. Original dual mobility technology uses a monoblock acetabular 

component (Fig. 2.2a) while the recently developed modified dual mobility uses an outer 

shell and modular liner (Fig. 2.2b) (Matsen Ko et al., 2016). One benefit of the modified 

dual mobility is that it allows for screw fixation, which is not available with a monoblock 

component (Sutter et al., 2017). Additionally, modular cup systems allow for conversion 

between conventional and dual mobility liners during a revision surgery. 
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Figure 2.2. (a) Monoblock Dual Mobility  (b) Modular Dual Mobility (www.jnjmedicaldevices.com) 

 There are many reported biomechanical advantages of DM-THA compared to 

conventional total hip arthroplasty (c-THA). Theoretically, the first articulation acts like a 

typical “hard-on-soft” bearing until the neck contacts the polyethylene, which engages 

the second articulation and subsequently increases the impingement free range of motion 

(ROM) (de Martino et al., 2014). This was proven experimentally, as dual mobility 

implants had larger arcs of motion in all three planes when testing femoral heads of the 

same size (Guyen et al., 2007). The articulating polyethylene liner also acts as a large 

femoral head, which increases the lateral translation necessary to dislocate (i.e., jump 

distance) (Sariali et al., 2009).  

 While there are many reported benefits to DM-THA, the complex design leads to 

concerns that are not applicable to c-THA. One complication of DM-THA is intra-

prosthetic dislocation (IPD) which occurs when the femoral head dislocates from the 

polyethylene liner (Philippot et al., 2013). Philippot et al. found that IPD is due to one of 

the following: wear on the rim of the polyethylene liner, blockage of the polyethylene 

liner, or cup loosening. Due to the additional articulating surface and a thinner liner, 

accelerated wear is also a concern (de Martino et al., 2014). A retrieval study of 40 DM-
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THA liners showed similar wear to c-THA liners, however, the rim of polyethylene liner 

had visible wear in 40% of the retrieved implants (Adam et al., 2014). 

2.3 Surgical Approach 

 While there are a variety of surgical approaches to access the hip joint during 

THA, the posterior approach (PA) was the most common as of 2010 (Waddell et al., 

2010). PA utilizes a gluteus maximum split and an incision through the posterior hip 

capsule and external rotators to access the hip (Fig. 2.3a) (Masonis and Bourne, 2002). 

The noted benefits of this approach are reduced surgery time and conservation of the 

gluteus medius and minimus. Additionally, it is unlikely to result in postoperative limp or 

abductor dysfunction. 

 More recently, there has been interest in the direct anterior approach (DAA) for 

the perceived benefits of decreased pain, faster recovery, and improved hip stability 

(Higgins et al., 2015). DAA requires an incision through the tensor fascia lata and 

anterior capsule which spares the posterior capsule and rotators (Fig. 2.3b) (Matta and 

Ferguson, 2005). The procedure is performed in the supine position and is generally 

accompanied by the use of a Judet, PROfx, or HANA table (Siguier et al., 2004; 

Yerasimides and Matta, 2005). 
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Figure 2.3: (a) Posterior Approach Incision  (b) Direct Anterior Approach Incision (www.orthobullets.com) 

 When comparing dislocation rates between the two approaches, one approach 

does not clearly outperform the other. Reported dislocation rates in retrospective analyses 

ranged from 0.4-0.8% for DAA and 0.5-0.9% for PA (Malek et al., 2016; Maratt et al., 

2016; Tay et al., 2019). While none of these studies showed statistical significance for 

dislocation rates, various meta-analysis have noted significant differences in favor of the 

anterior approach (Higgins et al., 2015; Miller et al., 2018). However, one drawback to 

DAA is the steep learning-curve which can range from 50-300 initial cases (Brun et al., 

2018; Steiger et al., 2015). 

2.4 Capsular Repair 

 Following total hip arthroplasty, surgeons have the choice whether or not to repair 

the hip capsule and other soft tissue structures. Due to surgeon preference and constant 

developments, there are a variety of techniques utilized during capsular repair. For a 

posterior capsular repair following THA, Sioen et al. (2002) noted two various methods: 

a soft tissue repair and a transosseous repair. The soft tissue repair involved suturing the 

piriformis tendon to the gluteus medius and suturing the quadratus femoris to its base, 
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while the transosseous repair involved suturing the posterior capsule to drill holes in the 

greater trochanter. It was noted that the transosseous repair closed the posterior structures 

“almost anatomically”. Recently, a novel “noose-like” repair of the posterior capsule has 

shown promising results which involves tightening the repaired capsule around the 

prosthetic femoral neck (Swanson et al., 2019). While there is a lack of literature related 

to anterior capsular repair techniques, one method involved suturing the anterior capsular 

together and then to either the capsular cuff or osseous femur (Arac et al., 2006) 

 Clinically, capsular repair has shown favorable results for both the posterior and 

direct anterior approaches. Retrospective and meta-analyses have shown that dislocation 

rates following posterior approach THA ranged from 0.5-2.0% with repair and 4.0-4.8% 

without repair (Kwon et al., 2006; Masonis and Bourne, 2002; White et al., 2001). Only 

one study was found that reported dislocation rates following an anterior capsular repair; 

however, 0 of the 32 hips dislocated within their one-year follow up (Arac et al., 2006) 

Capsular repair has also been shown to be effective in revision THA as dislocation rates 

of 3.0% and 21.4% were reported for repaired and unrepaired capsules, respectively 

(Jurkutat et al., 2018). 

 It has been shown experimentally that more rotation is required to dislocate a hip 

with a repaired capsule than an unrepaired capsule which is likely the key factor in 

reducing dislocation rates. In a cadaveric study, it was shown that the transosseous repair 

provided significantly more rotation to dislocation when compared to a soft tissue repair 

or no repair (Sioen et al., 2002). Similarly, it was found that the novel “noose-like” 

technique provided significantly more rotation to dislocation when compared to a classic 

repair or no repair (Swanson et al., 2019). In both cases, the soft tissue and classic repair 
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provided more rotation to dislocation than no repair, however, the differences were not 

statistically significant. As the majority of capsular repair research focuses on posterior 

repairs, the increasing interest in the direct anterior approach suggest that research on 

anterior repairs would provide clinical benefit. 

2.5 Overview of Dislocation Following Total Hip Arthroplasty 

 While studies have noted spontaneous dislocation of the prosthetic hip, 

dislocations are most frequently caused by an impingement event which levers the 

femoral head out of the acetabular socket (Bartz et al., 2000). Impingement can occur 

between either the femoral stem/acetabulum liner, femur/pelvis, femoral stem/pelvis, or 

between the femur/acetabular liner (Palit et al., 2020). During an impingement event, 

there is a large buildup of stress at the impingement site as well as on the egress side (Fig. 

2.4) (Brown et al., 2014). As the stem continues to rotate about the impingement fulcrum, 

the egress site provides a resisting moment created by compressive and frictional stresses 

which resists the head levering out (Scifert et al., 2001). Dislocation occurs when the 

egress side fails to resist egress of the femoral head (Dorr, 2014). 

 
Figure 2.4. Finite Element Schematic of Impingement and Dislocation (Dorr 2014) 
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 Hip dislocations are classified by the direction in which the femoral head 

egresses, either anterior or posterior. Anterior dislocations can result from combined 

extension, abduction, and external rotation while posterior dislocations can result from 

combined flexion, adduction, and internal rotation (Dawson-Amoah et al., 2018). 

 To analyze which movements result in anterior and posterior dislocations, 

researchers have utilized computational studies as well as anecdotes from patients who 

have suffered dislocations. Using experimental kinematic data as the input, a finite 

element analysis discovered that rolling over while lying down and pivoting were likely 

to result in anterior dislocations, while sit-to-stand maneuvers and tying shoes while 

seated were likely to result posterior dislocations (Nadzadi et al., 2003). Anecdotes from 

1202 patients who suffered dislocations following THA showed similar results to the 

computational study. A majority of the anterior dislocations occurred in bed or while 

pivoting, whereas the majority of posterior dislocations occurred while sitting and 

performing activities of daily living (ADLs) such as gardening and household chores 

(Pedersen et al., 2005).  

2.6 Previous Research Surrounding Impingement Free ROM 

 To study the impingement free ROM of hips implanted with THA, researchers 

utilize computational and experimental methods. Early computational models would 

rotate the femoral stem about a desired axis until a collision with the liner was detected 

(D’lima et al., 2000), whereas later models began including bony geometries in the 

collision algorithm (Kessler et al., 2008). Methodology for the experimental studies 

varies greatly, as methods to rotate the hip have included manual rotation (Fig. 2.5a), the 

use of cables to simulate muscles (Fig. 2.5b), and 6 degree-of-freedom robots (Fig. 2.5c). 
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Figure 2.5: (a) Manual Femoral Rotation (Amsturtz et al., 1975)  (b) Femoral Rotation via. Cables (Scifert et al., 

2001)  (c) Robotic Femoral Rotation (Hermann et al., 2015) 

 As the Lewinnek safe zone of  15 ± 10° of anteversion and 40 ± 10° of inclination 

is commonly targeted for acetabular cup placement (Fig. 2.6) (Lewinnek et al., 1978), 

computational models have been used to analyze how alternate component positioning 

affects impingement free ROM. When only looking at component impingement (i.e., no 

bony geometries), it was found that acetabular inclination angles less than 45 degrees 

decreased flexion and abduction while angles greater than 45 degrees decrease adduction 

and axial rotation (D’lima et al., 2000). Additionally, increasing the anteversion of the 

acetabular component provided a greater impingement free ROM in flexion (Scifert et al., 

2001). A common finding among all studies was that increasing head size increased 

impingement free ROM (D’lima et al., 2000; Kessler et al., 2008; Scifert et al., 2001). 
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Figure 2.6: Schematic of Acetabular Cup Positioning in the Lewinnek Safe Zone 

 Limitations of the early models became evident as experimental and 

computational methods improved. When bony geometries were incorporated into the 

models, it was found that bony impingement decreased ROM in 44% of motions tested 

(Kessler et al., 2008). Furthermore, studies begun combining virtual simulations with 

experimental studies using the same specimens (i.e., a matched pair) (Incavo et al., 2011). 

This was done because impingement driven by implant, bone, and soft tissue become less 

important if they occur at rotations that the patient cannot reasonably achieve. Utilizing 

this methodology, the soft tissue structures in native hips such as muscles, capsule, 

labrum, and ligaments were shown to restrict ROM even further than bony impingement 

alone (Han et al., 2020).  

2.7 Previous Research Surrounding Dislocation Resistive Torques 

 To understand how soft tissue structures and implants affect torque responses, 

researchers have utilized finite element models and experimental studies. In general, the 
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finite element models are calibrated by running a few experimental simulations and 

tuning the model to analyze implant and soft tissue effects (Kluess et al., 2007; Scifert et 

al., 2001). Experimentally, one methodology involves applying a consistent torque and 

measuring ROM (Lgoishetty et al., 2019; van Arkel et al., 2018) while the other 

methodology involves applying a rotation and measuring torque (Mihalko and Whiteside, 

2004; Sioen et al., 2002; Swanson et al., 2019). 

 With the finite element models, it was found that an increase in the liner lip 

chamfer angle and cup center offset increased the resistive moment, while an increase in 

lip breadth decreased the resistive moment (Fig. 2.7) (Scifert et al., 2001). Additionally, 

increasing the head size was found to have two benefits: increased resistive moment and 

decreased contact stress (Kluess et al., 2007). When the hip capsule was incorporated into 

the models, it was found that capsule compromise was the dominant factor in hip 

instability (Elkins et al., 2011). Furthermore, thigh-thigh contact was found to have an 

effect on dislocations in patients with higher BMIs, when muscle, adipose tissue, and skin 

were included in the model (Elkins et al., 2013). 

 
Figure 2.7: Schematic of Acetabular Liner Design Variables. θ: Chamfer Angle, b = Lip Breadth, d = Cup Center Inset                  

(Scifert et al., 2001) 
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 When observing the effect of capsular repair during THA, experimental studies 

showed that a transosseous repair provided significantly more torque at the time of 

dislocation than either a soft tissue repair or no repair at all (Mihalko and Whiteside, 

2004; Sioen et al., 2002). A later study found that their novel “noose-like” technique 

(described previously) provided significantly more torque than the transosseous repair 

(Swanson et al., 2019). When comparing the effects of surgical approach, it was found 

that the PA had decreased ROM in extended positions while the DAA had decreased 

ROM in flexed positions (Lgoishetty et al., 2019).  

 While the study’s reviewed here provide insight into mechanics of resistive 

torques following THA, some of the mechanics are still not fully understood. For 

example, one study has shown that increasing femoral head size increases resistive torque 

(Kluess et al., 2007), while other studies have shown DM-THA reduces resistive torque 

(Klemt et al., 2020; Terrier et al., 2017). As DM-THA has a larger effective head than the 

c-THA heads tested, it would have been expected that resistive torque would increase for 

DM-THA. Additionally, there is a general lack of research on benefits of anterior 

capsular repair. Therefore, there would be clinical benefit in testing how surgical 

approach, capsular repair, and implant affect resistance to movements likely to cause both 

anterior and posterior dislocations. 
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CHAPTER 3: Impingement and Soft Tissue Mechanics of Native and Implanted Hips 

Through Flexion 

3.1 Introduction 

Impingement can lead to major concerns in both native hips and hips implanted 

with total hip arthroplasty (THA). In native hips, femoroacetabular impingement (FAI) 

has been found to be a precursor to osteoarthritis (Leunig and Ganz, 2014). In implanted 

hips, impingement can cause dislocation as it levers the femoral head out of the 

acetabular socket (Scifert et al., 1999). Knowledge of these impingement events as they 

occur in vivo are limited, therefore researchers rely on computational simulations (D’lima 

et al., 2000; Kessler et al., 2008) and cadaveric studies (Bartz et al., 2000; Burroughs et 

al., 2005). 

 FAI in native hips can be defined as either cam impingement, pincer 

impingement, or both (Pfirrmann et al., 2006). Cam FAI is a result of a non-spherical 

femoral head and reduced depth of the femoral waist while pincer FAI is a result of 

acetabular over-coverage. In both cases, the impingement free range of motion (ROM) is 

less than that of healthy hips.  

 Impingement in implanted hips is multifactorial as it depends on the patient’s 

anatomy as well as surgical considerations. The Lewinnek safe zone is commonly 

targeted for acetabular component placement to prevent dislocations (Lewinnek et al., 
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1978), however, this safe zone is highly debated (Esposito et al., 2015). More recently, 

dual mobility total hip arthroplasty (DM-THA) has been introduced as an attempt to 

decrease dislocation frequency. It has been shown experimentally that dual mobility 

implants have larger arcs of motion in all three planes when testing femoral heads of the 

same size (Guyen et al., 2007).  

 While there are a variety of surgical approaches to access the hip during THA, 

multiple studies have focused on comparing stability between the direct anterior approach 

(DAA) and posterior approach (PA) (Maldonado et al., 2019; Malek et al., 2016; Maratt 

et al., 2016). As of 2010, PA was the most common (Waddell et al., 2010) and its 

associated benefits include reduced surgery time and conservation of the gluteus medius 

and minimus (Masonis and Bourne, 2002). However, DAA has recently gained 

popularity for the perceived benefits of decreased pain, faster recovery, and improved hip 

stability (Higgins et al., 2015). Retrospective analyses have shown that dislocation rates 

remain similar between the two approaches, ranging from 0.4-0.8% for DAA and 0.5-

0.9% for PA (Malek et al., 2016; Maratt et al., 2016; Tay et al., 2019). 

 During THA, some surgeons perform a complete excision of the capsule while 

others perform capsular repair (Swanson et al., 2019), therefore it is important to 

understand the effects each have on stability of the prosthetic hip. Retrospective and 

meta-analyses have shown that dislocation rates following a posterior approach total hip 

arthroplasty range from 0.5-2.0% with repair and 4.0-4.8% without repair (Kwon et al., 

2006; Masonis and Bourne, 2002; White et al., 2001). While clinical studies generally 

focus on effects of posterior capsular repair, one study performed 32 hip replacements 
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with an anterior capsular repair and had 0 dislocations within their one-year follow up 

visit (Arac et al., 2006). 

 The first goal of this study was to use a computational simulation to analyze types 

of impingement and the impingement ROM in native and DM-THA hips. The second 

goal was to experimentally determine the range of motion constraints following anterior 

and posterior capsule repairs. The final goal was to experimentally determine the relative 

torque contribution the sutures provide during various rotations. 

3.2 Methods 

Specimen Preparation: 

 Five fresh-frozen pelvis-to-toe cadaveric specimen (10 hips) underwent bi-lateral 

DM-THA with capsular repair performed by ten different practicing orthopaedic 

surgeons. Surgery on the first side was performed using the PA while the contralateral 

side was performed using DAA. The pelvises were implanted with PINNACLE® DM-

THA while the femurs were implanted with CORAIL® or SUMMIT® stems (Depuy-

Synthes, Warsaw, IN). Specimen information including component types and positioning 

are reported in Table 3.1. All specimens underwent pre- and post-operative CT scans to 

measure the native anatomy and bone-implant relative alignment. 3D models of the 

native femur/pelvis, implanted femur/pelvis, femoral stem, and acetabular shell were 

created for each hip using ScanIP (Synopsys, Mountain View, CA). 
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Table 3.1: Specimen Information 

 

 Pelvic and femoral coordinate systems were created from the native pelvic and 

femoral 3D models, respectively (Fig. 3.1). The pelvic coordinate system was defined by 

the anterior pelvic plane (APP) constructed with both anterior superior iliac spines 

(ASIS) and the pelvic tubercle midpoint (PTM). The left and right ASIS landmarks were 

used to align the APP in the coronal plane. The femoral coordinate system was defined 

by the mechanical axis constructed with the femoral epicondyle midpoint (FEM) and the 

center of the femoral head. The posterior aspects of the femoral condyles were used to 

align the femoral mechanical axis in the transverse plane. These coordinate systems were 

defined in prior studies (Tannast et al., 2007). The center of curvature of both the 

acetabulum and femoral head were used to define the origin of each coordinate system. 

The 3D models of the implanted femur, pelvis, and respective implants were aligned to 

the native bones, with CAD implant models aligned to the scanned implants. 
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Figure 3.1: Pelvic and Femoral Coordinate Systems 

Impingement Free ROM: 

 To determine impingement free ROM, collisions were detected with the 

MATLAB function ‘fastmesh2mesh’ (Seers, 2021) which was developed based on the 

‘ray triangle intersection’ algorithm (Möller and Trumbore, 1997). The hip was rotated 

about the superior-inferior axis (i.e., internal/external rotation) at 1 degree increments 

while the simulation checked for impingement. This process was repeated at flexion 

angles from 30° of hyperextension to 120° of flexion, at 10° increments. In the native hip, 

collisions were detected between the femoral neck and acetabular rim (i.e., FAI, Fig. 

3.2a). In the implanted hip, collisions were detected between the femoral stem and 

acetabular liner (i.e., component-component, Fig. 3.2b), femoral stem and osseous 
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acetabulum (i.e., component-bone, Fig. 3.2c) and between the remaining femur and 

pelvis (i.e., bone-bone, Fig. 3.2d). The segmented pelvis and femur were meshed with 

approximate 2 mm triangular-elements while the implants were meshed with approximate 

1 mm triangular-elements. 

 

Figure 3.2: (a) FAI (b) Component-Component Impingement (c) Component-Bone Impingement (d) Bone-Bone 

Impingement 

Experimental Laxity Testing: 

 An AMTI VIVO Six Degree of Freedom (DOF) Joint Simulator (AMTI, 

Watertown, MA) (Fig. 3.3) was used to apply forces and torques to the hip while 

measuring translations and rotations. The pelvis was mounted to a specimen specific 3D 

printed fixture while the femur was mounted inside of a cylindrical fixture with set 

screws and bone cement. This aligned the pelvis and femur to the previously defined 

coordinate systems and ensured the hip center of rotation was coincident with the 

rotational degrees of freedom of the actuator. An auxiliary motion capture system 

(Optotrak Certus™, NDI, Ontario, Canada) was used to track rigid arrays of infrared 

emitting diodes (IRED) on the pelvis and femur. The use of the optical tracking system 

was used to calculate errors in fixturing. 
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Figure 3.3: Hip Mounted in the AMTI VIVO 6 DOF Actuator with Labeled Rotational Axes 

 Internal and external rotation laxity assessments were performed at 4 flexion 

angles (0°, 30°, 60°, 90°) under two conditions: sutures intact and removed, to calculate 

the relative contribution of the capsular repair. A 50 N compressive load and 10 N medial 

load were applied to the hip via the femur keep the implants in contact while the anterior-

posterior load was set to 0 N. The flexion-extension and adduction-abduction axes were 

set to 0 Nm of torque-control and the internal-external axis was loaded with a trapezoidal 

wave with a peak of 5 Nm. This value has been previously used to describe a taut hip 

capsule (van Arkel et al., 2015).  

 When the laxity trials were complete, the hips were skeletonized and 4 fiducial 

markers with 3 mm hemispherical indents were screwed into pelvis and femur, 

respectively. The fiducial markers were digitized using the motion capture system to 

measure the relative alignment between the fiducial markers and the IRED arrays. The 
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femur and pelvis were then white-light scanned using a Space Spider 3D Scanner (Artec, 

Luxembourg City, Luxembourg). 

Post Processing 

 The white-light scans of the skeletonized DM- and c-THA femur and pelvis were 

converted into 3D models and aligned to the original CT 3D models in their anatomical 

position. This orientation defined neutral rotation and translation and aligned the 

experimental and computational coordinate systems. Experimental kinematics were 

calculated by adding the “fixturing offset” (measured by the motion capture) to rotations 

measured by the VIVO while forces and torques were recorded using a load-cell mounted 

below the femur. 

 Torque-rotation curves were plotted for each trial and used to calculate the 

passive tissue envelope and suture contribution. Both torque and rotation were each 

calculated about the superior-inferior femoral axis. Not all specimens reached 5 Nm of 

torque before hitting mechanical limits on the simulator, therefore, 2 Nm was used as the 

peak torque as this value was used previously in similar studies (Mihalko and Whiteside, 

2004). The angle at which the sutures intact hip reached a 2 Nm torque was defined as the 

end of the passive tissue envelope. At this same angle, the torque recorded during the 

sutures removed case was used to determine the relative suture and capsule contribution 

(Fig 3.4). The relative suture and capsule contribution were calculated as a percentage of 

the total 2 Nm of torque. 
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Figure 3.4: Torque-Rotation Curve Showing Relative Suture and Tissue Torque Contribution 

Statistical Analysis 

 A 2-way repeated measures analysis of variance (ANOVA) with a Tukey’s post-

hoc test was used to test statistical significance for each comparison. Flexion angle and 

impingement condition were independent factors for the impingement free ROM 

analysis, while flexion angle and approach were independent factors for the passive 2 Nm 

envelope and suture contribution analysis. The significance level was set at p < 0.05. 

3.3 Results 

Impingement Free ROM: 

 Through flexion, the impingement free ROM decreased for internal rotation (Fig. 

3.5a) and increased for external rotation (Fig. 3.5b). For ease of comparison, internal and 

external impingement angles are displayed at 0°, 30°, 60°, and 90° of flexion.  

 During internal rotation, the native hips had mean impingement angles of 105.7 ± 

20.0°, 86.2 ± 15.3°, 46.7 ± 9.5°, and 26.5 ± 11.4° for flexion angles of 0°, 30°, 60°, and 

90°, respectively. The native hips had a statistically significant smaller impingement free 



 25 

ROM than each of the implanted conditions. The implanted conditions with the smallest 

impingement free ROM were bone-bone (135.0 ± 16.8°), component-bone (125.1 ± 

20.2°), bone-bone (70.9 ± 18.5°), and bone-bone (46.7° ± 19.5) for flexion angles of 0°, 

30°, 60°, and 90°, respectively. Differences between types of impingement in the 

implanted hip were generally not statistically significant, however, bone-bone 

impingement free ROM was significantly smaller than component-component at 60° of 

flexion. 

During external rotation, the native hips had mean impingement angles of 26.6 ± 

12.6°, 49.5 ± 15.8°, 82.7 ± 23.1°, and 95.8 ± 8.6° for flexion angles of 0°, 30°, 60°, and 

90°, respectively. The native hips generally impinged prior to the implanted hip, but only 

had a significantly smaller impingement free ROM than component-component 

impingement at 30° of flexion. The implanted conditions with the smallest impingement 

free ROM were component-component (38.0 ± 21.2°), bone-bone (49.7 ± 22.7°), bone-

bone (95.2 ± 16.9°), and component-bone (105.9 ± 11.9°) for flexion angles of 0°, 30°, 

60°, and 90°, respectively. Bone-bone impingement free ROM was significantly smaller 

than component-component and component-bone at 30° flexion, and component-bone at 

60° of flexion. 
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Figure 3.5: (a) Internal Rotation Impingement Angles (b) External Rotation Impingement Angles 

Experimental Laxity Testing: 

 The sutures intact, passive tissue envelope was tightest for internal rotation in 

deep flexion and for external rotation in full extension (Fig. 3.6). The mean 2 Nm passive 

tissue envelope was within the mean computationally predicted impingement free ROM 

for all cases except for internal rotation at 90° of flexion for the PA specimens. Across all 

specimens, this was the only rotation where the 2 Nm passive tissue response ever 

occurred outside of the impingement free ROM.  

In internal rotation, the DAA specimens reached 2 Nm at 69.6 ± 13.1°, 68.0 ± 

18.0°, 51.1 ± 19.2°, and 32.0 ± 20.0°, while the PA specimens reached 2 Nm at 51.3 ± 

14.3°, 61.5 ± 19.9°, 53.9 ± 18.5°, 43.9 ± 16.5° at flexion angles of 0°, 30°, 60°, and 90°, 

respectively. The PA specimens had a tighter passive tissue envelope at 0° and 30°, while 

the DAA specimens has a tighter passive tissue envelope at 60° and 90° of flexion. None 
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of the differences between the DAA and PA means were statistically significant for 

internal rotation.  

In external rotation, the DAA specimens reached 2 Nm at 18.8 ± 10.8°, 20.7 ± 

10.2°, 31.5 ± 7.3°, and 34.6 ± 13.1°, while the PA specimens reached 2 Nm at -8.9 ± 

10.1°, 11.3 ± 13.1°, 18.6 ± 14.2°, and 22.5 ± 15.3° at flexion angles of 0°, 30°, 60°, and 

90°, respectively. The PA specimens had a tighter passive tissue envelope at all flexion 

angles, with a statistically significant difference at 0° flexion. 

 

Figure 3.6: 2 Nm Passive Tissue Envelope Overlaid with Impingement Free ROM  

In internal rotation, the mean suture contribution for the DAA specimens was 

40.0% ± 15.8%, 42.6% ± 14.9%, 36.3% ± 21.4%, and 29.2% ± 34.7% at flexion angles of 



 28 

0°, 30°, 60°, and 90°, respectively. The mean suture contribution for the PA specimens 

was 42.8% ± 27.5%, 61.4% ± 26.5%, 43.8% ± 27.3%, and 34.3% ± 27.3% at flexion 

angles of 0°, 30°, 60°, and 90°, respectively. (Fig. 3.7a). The posterior repair provided 

more torque than the anterior repair at all flexion angles, however, none of the differences 

were statistically significant. 

In external rotation, the mean suture contribution for the DAA specimens was 

31.9% ± 23.2%, 15.3% ± 12.5%,  30.7% ± 27.7%, and 42.6% ± 22.3% at flexion angles 

of 0°, 30°, 60°, and 90°, respectively. The mean suture contribution for the PA specimens 

was 24.0% ± 17.8%, 25.9% ± 26.0%, 21.9% ± 26.0% and 29.9% ± 14.4% at flexion 

angles of 0°, 30°, 60°, and 90°, respectively (Fig. 3.7b). The anterior repair sutures 

provided more torque than the posterior repair sutures at all flexion angles except for 30° 

flexion, however, none of the differences were statistically significant. 

 

Figure 3.7: (a) Internal Rotation Suture Contribution (b) External Rotation Suture Contribution 
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3.4 Discussion 

 While computational studies provide useful information on impingement free 

ROM, they generally do not account for soft tissue effects. By experimentally testing the 

same cadaveric specimens used as 3D models in the computational analysis, we were 

able to analyze how passive tissues further limit range of motion. 

 In native hips, impingement free ROM decreased for internal rotation through 

flexion and increased for external rotation through flexion. This same trend was found in 

a previous study which utilized a CT-based, impingement free ROM analysis for native 

hips (Tannast et al., 2012). Furthermore, during internal rotation at 90° flexion, females 

have been found to a have significantly larger impingement free ROM suggesting that 

males are at higher risk of FAI during this movement (Nakahara et al., 2011). 

 The implanted hips showed the same trend as the native hips, with impingement 

free ROM being smallest during internal rotation at 90° flexion and external rotation at 0° 

flexion. In addition to pure flexion, these two movements are likely to cause 

impingement in implanted hips during activities of daily living (Burroughs et al., 2005). 

Experimental analyses have also shown that as femoral head diameter increases, so does 

the frequency of bone-bone impingement (Bartz et al., 2000; Burroughs et al., 2005). 

Bone-bone was the most common impingement type as it occurred first for 45% of the 

trials, compared to 32.5% and 22.5% for component-component and component-bone 

impingement, respectively. This supports the notion that the articulating liner in DM-

THA acts as a large femoral head. 

 When comparing impingement in native hips to impingement in implanted hips, 

FAI had the smallest mean impingement free ROM for each flexion angle during both 
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internal and external rotation. In internal rotation, this trend was true in all cases except 

for one specimen which had component-bone impingement prior to FAI during internal 

rotation at 90° flexion. However, in external rotation there were three specimens who had 

implanted impingement prior to natural impingement at all four flexion angles. These 

three specimens had significantly greater femoral version and combined version than the 

other seven specimens (p = 0.004 and p = .002, respectively, 2-sample t-test). Results 

from other studies had similar findings as an increase in femoral version was shown to 

decrease impingement free ROM for external rotation at 0° flexion and increase 

impingement free ROM for internal rotation at 90° flexion (Burroughs et al., 2005). 

 When passive tissues become taut, they minimize total range of motion and may 

prevent the hip from reaching an impinged position. Rotations at which the predicted 

impingement angles were close to the passive tissue envelope (i.e., at risk of 

impingement) included internal rotation at 90° of flexion and external rotation at 0° of 

flexion. While not statistically significant, the mean values suggest that internal rotation 

at 90° of flexion was more likely to impinge for the PA specimens while external rotation 

at 0° was more likely to impinge for the DAA specimens. This supports previous findings 

in which PA specimens were found to have a larger range of motion in flexion while 

DAA were found to have a larger range of motion in extension (Lgoishetty et al., 2019). 

 For internal rotation at 90° of flexion, we saw a slightly greater relative suture 

contribution for the posterior approach which suggests that during this motion, the 

posterior capsule was in tension. Conversely, for external rotation at 0° of flexion, we 

saw a slightly greater relative suture contribution for the anterior approach which 

suggests that the anterior capsule was in tension. For both of these rotations at risk of 
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impingement, a greater range of motion was allowed when the sutures were removed 

which further increases risk of impingement.  

 While this study provides some useful insight into impingement free ROM and 

passive tissue responses, there were a few limitations. Along with a small sample size, all 

surgeries were performed by different orthopaedic surgeons using their own surgical 

technique and choice of implant/sizing, therefore, a large variance was seen across the 

specimens. An additional source of error in some specimens was due to soft tissue 

structures wrapping around the implants or bony landmarks in between trials, as some 

cases showed a greater torque without sutures than with the sutures. 

 The results from this study highlight a few clinically relevant findings. Knowing 

that internal rotation is at risk of impingement in flexion while external rotation is at risk 

of impingement is useful in surgical planning. Furthermore, the combined increase of 

acetabular and femoral version may lead to earlier impingement during external rotation. 

The results also show that surgical approach has effects on directional stability and that 

capsular repair may be beneficial in resisting excessive rotation. 
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CHAPTER 4: Total Hip Arthroplasty Mechanics During Movements Likely to Cause 

Anterior and Posterior Dislocations  

4.1 Introduction 

 While total hip arthroplasty (THA) is considered a successful procedure, 

dislocation remains a common complication with dislocation rates ranging from 0.12% to 

16.13% (Kunutsor et al., 2019). Dislocation as a result of impingement and levering out 

is a common reason for clinical failures (Brown et al., 2014). Knowledge of hip 

dislocations as they occur in vivo are limited, therefore researchers rely on computational 

simulations (Elkins et al., 2011; Scifert et al., 2001, 1999) and cadaveric studies (Bartz et 

al., 2000; Lgoishetty et al., 2019). 

 Hip dislocations are classified by the direction in which the femoral head 

egresses, either anterior or posterior. Anterior dislocations can result from combined 

extension, abduction, and external rotation while posterior dislocations can result from 

combined flexion, adduction, and internal rotation (Dawson-Amoah et al., 2018). Rolling 

over while lying down and pivoting while standing are likely to cause anterior 

dislocations, while sit-to-stand maneuvers and tying shoes while seated are likely to 

cause posterior dislocations (Nadzadi et al., 2003). 

 Prior to impingement, the soft tissues of the hip play a role in resisting movement 

and preventing the hip to reach vulnerable positions. Factors which may affect the torque 
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response of the hip include surgical approach and capsular repair. The posterior approach 

(PA) and direct anterior approach (DAA) are two common surgical approaches with 

various associated benefits; however, clinically they have shown similar dislocation rates 

(Malek et al., 2016; Maratt et al., 2016; Tay et al., 2019). Repair of the posterior capsule 

has shown a significant decrease in dislocation rates repair (Kwon et al., 2006; Masonis 

and Bourne, 2002; White et al., 2001), but little research has been done on the clinical 

benefits of capsular repair following a direct anterior approach surgery. 

 In addition to soft tissue, implant design plays a large role in dislocation 

mechanics. Currently dual mobility (DM-THA) is becoming one the of most popular 

designs to manage unstable THA (Guyen, 2016). One main benefit of DM-THA is 

additional impingement free range of motion (ROM) in comparison to conventional 

implants (c-THA) which has been proven in vitro (Guyen et al., 2007). During an 

impingement event, it has been shown that DM-THA decreases the resistive torque which 

may prevent wear, mechanical failure, or implant loosening (Klemt et al., 2020; Terrier et 

al., 2017). Additionally, the larger effective head of the articulating liner in DM-THA 

mathematically requires a greater lateral translation to dislocation (i.e., greater jump 

distance) (Sariali et al., 2009). 

 The first goal of this study was to analyze surgical technique effects, by 

experimentally comparing how surgical approach (i.e., DAA/PA) and technique (i.e., 

sutures intact/removed) effect soft tissue stiffness and passive range of motion. The 

second goal was to compare DM- and c-THA implant mechanics by experimentally 

comparing types of impingement and impingement angles, as well as resistive torque and 

resistive energy. 
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4.2 Methods 

Previously Established Methodology: 

Five fresh-frozen cadaveric specimens (10 hips) underwent bi-lateral DM-THA 

with one PA and one DAA on contralateral hips. The pelvises were implanted with 

PINNACLE® DM-THA while the femurs were implanted with CORAIL® or 

SUMMIT® stems (Depuy-Synthes, Warsaw, IN). 3D models were created using pre- and 

post-operative CT scans and the anatomies were aligned to an anatomical coordinate 

system. An AMTI VIVO Six Degree of Freedom (DOF) Joint Simulator (AMTI, 

Watertown, MA) (Fig. 4.1) was used to apply rotations and forces to the hip while 

measuring torques and translations. An auxiliary motion capture system (Optotrak 

Certus™, NDI, Ontario, Canada) was used to track rigid arrays of infrared emitting 

diodes on the pelvis and femur to capture 6 degree of freedom hip kinematics. See 

previous study for a detailed description of methodology.  

 
Figure 4.1: Hip Mounted in the AMTI VIVO 6 DOF Actuator with Labeled Rotational Axes 
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Experimental Testing: 

 One movement likely to cause an anterior dislocation and one movement likely to 

cause a posterior dislocation were each performed under four conditions: sutures intact 

and removed, to calculate the relative contribution of the capsular repair, and 

skeletonized with DM- and c-THA, to compare implant characteristics. The movement 

likely to result in an anterior dislocation hyperextended the hip from 0° to 30°, coupled 

with 0° of adduction-adduction and 1° of external rotation per degree of hyperextension 

(Fig. 4.2a). The movement likely to result in a posterior dislocation flexed the hip from 

90° to 120°, coupled with 0.5° of adduction and 1° of internal rotation per degree of 

flexion (Fig. 4.2b). A 50 N compressive load and a 10 N medial load were applied to the 

hip via the femur to keep the implants in contact while the anterior-posterior load was set 

to 0 N. 

 
Figure 4.2: (a) Movement Likely to Cause Anterior Dislocations (b) Movement Likely to Cause Posterior Dislocations 

 When all DM-THA trials were complete (i.e., sutures intact, sutures removed, 

skeletonized), fiducial markers were implanted and digitized, and the femur and pelvis 

were white-light scanned with a Space Spider 3D Scanner (Artec, Luxembourg City, 

Luxembourg). Following the scans, the modular dual mobility liner was replaced with a 

c-THA PINNACLE® liner with an inner diameter of 28mm and an outer diameter to 
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match the acetabular shell (Depuy-Synthes, Warsaw, IN). The dual mobility head and 

articulating polyethylene liner were replaced with a 28mm femoral head with an offset of 

either +1.5mm, +5mm, or +8.5mm. The offset was chosen to best match the original DM-

THA offset. The simulations were re-run and the pelvis and femur with c-THA 

components were white-light scanned again. 

Post-Processing  

The white-light scans of the skeletonized DM- and c-THA femur and pelvis were 

converted into 3D models and aligned to the original CT 3D models which defines 

neutral rotation and translation. Kinematics were calculated using data from the auxiliary 

motion capture system while forces and torques were recorded with the VIVO load-cell 

mounted below the femur. The VIVO data and kinematic data were synchronized to 

temporally align the data. 

 Torque-rotation curves were plotted for each trial and used to calculate various 

metrics of dislocation resistance. Torque was calculated as the sum of squared torques 

about all three axes and rotation was calculated as rotation about the medial-lateral axis 

(i.e., flexion/hyperextension). For the soft tissue trials (i.e., sutures intact and sutures 

removed), a least squares regression was performed on the linear region of the torque-

rotation curve with the slope representing the stiffness and the transition to the linear 

region representing the passive tissue range of motion (Fig. 4.3a). For the skeletonized 

trials (i.e., DM- and c-THA), the impingement angle and torque were calculated as the 

abrupt change in torque and maximum torque, respectively (Fig. 4.3b). Additionally, the 

torque-rotation curve was integrated over the full trial to calculate the resistive energy 

during head egress. 
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Figure 4.3: (a) Soft Tissue Torque-Rotation Curve (b) Skeletonized Torque-Rotation Curve 

The impingement conditions for the skeletonized trials were observed during 

testing and verified using a custom MATLAB script which animated the experimental 

trials using the white-light scans and kinematic data. Component-component 

impingement was defined as contact between the femoral stem and acetabular liner, 

component-bone impingement was defined as contact between the femoral stem and 

osseous acetabulum, and bone-bone impingement was defined as contact between the 

femur and pelvis. 

Statistical Analysis 

 A 2-way repeated measures analysis of variance (ANOVA) with a Tukey’s post-

hoc test was used to test for statistically significant differences between the sutures intact 

and sutures removed trials. Surgical approach (i.e., DAA/PA) and condition (i.e., sutures 

intact/removed) were used as the independent variables for the stiffness and passive range 

of motion analyses. A paired student t-test was run to determine statistically significant 

differences between the skeletonized trials. Implant type was used as the independent 

variable for the impingement angle, torque, and energy analyses. The significance level 

was set at p < 0.05. 
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4.3 Results 

Surgical Technique Effects: 

 No statistically significant differences in stiffness were observed between the 

DAA and PA cohorts during movements likely to cause an anterior dislocation (Table 

4.1). While not statistically significant, the mean stiffness was 0.54 Nm/° (186%) larger 

for PA than DAA, for both the sutures intact and removed cases. The passive range of 

motion was significantly larger for DAA (p = 0.001) than PA. The mean increase in 

range of motion for the DAA specimens was 17.7° with sutures intact (p < 0.001) and 

17.2° with sutures removed (p = .014).  

Table 4.1: Results from Sutures Intact/Removed Hyperextension Trials 

 

 No statistically significant differences in stiffness were observed between the 

DAA and PA cohorts during movements likely to cause a posterior dislocation (Table 

4.2). While not statistically significant, the mean stiffness was 0.75 Nm/° (195%) larger 

for the PA specimens with sutures than without. Additionally, there was a non-significant 

increase in passive range of motion for the PA specimens of 8.9° with sutures intact and 

4.0° with sutures removed. 

Table 4.2: Results from Sutures Intact/Removed Flexion Trials 
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Implant Effects: 

 6 of the 10 hips impinged during the movements likely to cause an anterior 

dislocation with component-component impingement being the most common 

impingement type (Table 4.3). No significant difference was found between the two 

implant types for impingement free range of motion (p = 0.496) or resistive energy (p = 

0.080), however, the DM-THA components provided significantly more resistive torque 

than the c-THA components (p = 0.036). The statistical calculations and the values 

reported in Table 4.3 only included the 6 specimens which impinged. 

Table 4.3: Results from Skeletonized DM- and c-THA Hyperextension Trials 

 

 All 10 hips impinged during the movements likely to cause a posterior dislocation 

with component-component being the most common dislocation condition (Table 4.4). 

Component-component impingement occurred between the femoral stem and the superior 

aspect of the liner, component-bone impingement occurred between the femoral stem and 

superior aspect of the osseous acetabulum, and bone-bone impingement occurred 

between the femur and superior aspect of the osseous acetabulum. No significant 

difference was found between the two implant types for impingement free range of 

motion (p = 0.439), however, the DM-THA components had significantly larger resistive 

torques (p < 0.001) and resistive energy (p = 0.013). 
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Table 4.4: Results from Skeletonized DM- and c-THA Flexion Trials 

 

4.4 Discussion 

 The repeated measures design of this study allowed for comparisons of surgical 

approach and effects of capsular repair during motions likely to cause anterior and 

posterior dislocations. Additionally, the modular implants allowed for DM- and c-THA 

implants to be swapped to compare impingement free ROM and mechanics of 

impingement between the two designs. 

 The results from this study suggest that the PA provides more stability in resisting 

anterior dislocations. During the combined hyperextension and external rotation, the soft 

tissue structures became taut significantly sooner for the PA specimens than the DAA 

specimens. This supports a previous finding that in extended positions, the anterior 

capsulotomy had a greater passive tissue range of motion (Lgoishetty et al., 2019). This is 

beneficial as it limits range of motion and may prevent the hip from impinging and 

dislocating. 

 The sutures had relatively small effects on both the stiffness and passive tissue 

range of motion, except for the PA specimens during movements likely to induce a 

posterior dislocation. While the differences were not statistically different, the capsular 

repair was on average, nearly twice as stiff than no repair. Similar studies have found that 

a posterior repair provided more torque during a motion likely to cause a posterior 
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dislocation (e.g., flexion and internal rotation) but their results were also not statistically 

different. (Mihalko and Whiteside, 2004; Sioen et al., 2002). However, both studies 

found that significantly more torque is required to dislocate a hip following transosseous 

repair than soft tissue repair alone, which highlights the potential benefit of this 

technique. 

When calculating the stiffness and passive tissue ROM metrics for the sutures 

intact and removed trials, the torque-rotation curve did not always display a defined toe-

in region and transition to linear region. Some specimens already had a taut capsule (i.e., 

already in the linear range) which resulted in an overestimation of the passive tissue 

range. Additionally, as some specimens impinged within the hyperextension/flexion 

range, the torque-rotation curve had a sudden change in measured torque which affected 

the accuracy of the linear fit. 

 The skeletonized trials provided useful insight into the different modes of 

impingement; however, soft-tissue impingement was also seen in multiple cases. Using 

the translational kinematics, the head was found to egress sooner in the soft tissue cases 

than the skeletonized cases during 50% of motions likely to cause posterior dislocations 

and 40% of motions likely during to cause anterior dislocations. This further decreased 

the impingement free range of motion and suggests that the mean impingement free 

ROM reported for the skeletonized hips would be smaller for living subjects. It is 

hypothesized that this iliopsoas impingement, as this is a common complication in 

patients following THA and can be caused by a protruded acetabular component (Dora et 

al., 2007). 
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While previous studies have reported an increased impingement free ROM with 

DM-THA (Guyen et al., 2007), our results showed statistically insignificant differences. 

The main difference between the two studies was that Guyen et al., used an anatomically 

designed shell while our study used a modular shell. As the modular dual mobility 

implant we used has an additional liner with a 3 mm cylindrical extension, the 

impingement free ROM was theoretically decreased. However, while impingement free 

range of motion decreases with the cylindrical extension, jump distance increases which 

provides additional dislocation resistance. 

When comparing torques between the two implants, it was found DM-THA 

provided significantly more resistive torque than c-THA. This is contradictory to 

previous findings which showed that DM-THA decreased resistive torque (Klemt et al., 

2020; Terrier et al., 2017). These differences may be due to their use of monoblock dual 

mobility shell and our use of modular dual mobility. It was found that the constrained 

tripolar implant in their studies provided a greater resistive torque than DM-THA, which 

may behave similarly to modular dual mobility since both utilize a secondary liner on the 

acetabular side 

A secondary finding was that impingement on the osseous pelvis (i.e., 

component-bone and bone-bone impingement) significantly increased the resistive torque 

during both the hyperextension and flexion trials when compared to impingement on the 

liner (i.e., component-component) (p < 0.05, 2 sample t-test). For both movements likely 

to cause anterior and posterior dislocations, the mean increase in torque was more than 

twice as large when osseous impingement occurred. We hypothesize that this is due to a 

larger moment arm on the impingement side since the distance from the head center is 
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further to the osseous pelvis than to the edge of the liner. Previous studies have shown 

that larger heads are likely to result in bone-bone impingement (Bartz et al., 2000; 

Burroughs et al., 2005), which would subsequently increase the resistive torque based on 

our findings. 

The resistive torques reported in this study should be viewed with caution due to 

the boundary conditions applied. A 50 N superior load and 10 N medial load were 

applied to the hip via the femur with the sole intent of keeping the implant seated through 

the simulations. However, some dislocation prone maneuvers such as rolling over in bed 

may have smaller compressive loads while other maneuvers such as pivoting may have 

higher compressive loads. 

During the movement likely to cause a posterior dislocation, the differences in 

resistive energy were significantly larger for the DM-THA, however, no statistically 

significant differences were found during the motions likely to cause an anterior 

dislocation. Due to mechanical limits on the actuator, some specimens impinge at the end 

of the torque-rotation curve and have a small area under the curve while other specimens 

impinge at the start of the torque-rotation curve and have a large area under the curve. 

We hypothesize that if all specimens rotated to dislocation, DM-THA would require 

more energy to dislocate because the resistive torque is greater than c-THA, and the 

increase in jump distance would require more rotation. 

While this study provides useful insight into impingement mechanics, there were 

a few limitations. Along with a small sample size, all surgeries were performed by 

different orthopaedic surgeons using their own surgical technique and choice of 

implant/sizing, therefore, a large variance was seen across the specimens. Additionally, 
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as the outer diameter of some implanted DM-THA femoral heads was 22.225 mm while 

all c-THA femoral heads were 28 mm, there was not always a direct match in offset 

choice. However, the difference in offset between DM- and c-THA was always ≤ 1.5 

mm.  

The results from this study highlight a few clinically relevant findings. The 

findings support the use of dual-mobility (or potentially c-THA with a large femoral 

head) as they provide a larger resistive torque upon impingement, which may reduce the 

risk of subluxation and dislocation. Furthermore, larger femoral heads will increase the 

jump distance and require more rotation to dislocation. Additionally, knowing that the PA 

provides more stability in resisting anterior dislocations could potentially factor into pre-

operative surgical plans. 
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CHAPTER 5: Conclusion 

5.1 Main Findings 

 The work presented in Chapter 3 highlights how various factors affect range of 

motion during internal and external rotations through flexion. It was found that through 

flexion, impingement free range of motion decreased for internal rotation and increased 

for external rotation. At full extension, the anterior approach specimens were more likely 

to impinge during external rotation prior to soft tissue structures becoming taut. 

Conversely, in deep flexion, the posterior approach specimens were more likely to 

impinge during internal rotation prior to soft tissue structures becoming taut.  

 The work presented in Chapter 4 highlights how surgical approach, technique, 

and implant selection affect dislocation resistance. The results suggest that the posterior 

approach provides more resistance to anterior dislocations by becoming taut sooner in the 

rotation. Capsular repair was most effective for the posterior approach specimens during 

combined flexion, adduction, and internal rotation; however, the differences were not 

significant at the p < 0.05 level. In skeletonized hips, dual mobility implants provided 

significantly more resistive torque than the conventional implants, and bony impingement 

on the pelvis provided significantly more torque than impingement on the acetabular 

liner. 
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5.2 Future Work 

 To expand on the research presented in the two studies, the experimental results 

from this study will be used to calibrate finite element based capsule models. Using these 

subject specific models, the effect of surgical approach, capsular repair and implant 

design on dislocation mechanics can be studied. While studying surgical approach, the 

finite element models can provide insight into which aspects of the capsule are loaded 

during the movements likely to induce anterior and posterior dislocations. These models 

will further be used to understand different capsular repair techniques. Finally, the 

models can be used to further analyze implant designs, specifically, the impingement 

behavior in dual mobility and conventional THA to understand their resistance to 

dislocation. 
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APPENDICES 

Appendix A: Specimen Information 

Table A.1: Specimen Information 
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Appendix B: Impingement Free ROM Plots 

 

Figure B.1: Specimen C191002 Impingement Free ROM Contours 

 

 

Figure B.2: Specimen C191008 Impingement Free ROM Contours 
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Figure B.3: Specimen L191562 Impingement Free ROM Contours 

 

 

Figure B.4: Specimen L191570 Impingement Free ROM Contours 

 

 

Figure B.5: Specimen S192577 Impingement Free ROM Contours 
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Appendix C: Sutures Intact & Sutures Removed Int-Ext Laxity Plots 

 

Figure C.1: Specimen C191002L Internal & External Torque-Rotation Curves at Various Flexion Angles 

 

 

Figure C.2: Specimen C191002R Internal & External Torque-Rotation Curves at Various Flexion Angles 
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Figure C.3: Specimen C191008L Internal & External Torque-Rotation Curves at Various Flexion Angles 

 

 

Figure C.4: Specimen C191008R Internal & External Torque-Rotation Curves at Various Flexion Angles 
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Figure C.5: Specimen L191562L Internal & External Torque-Rotation Curves at Various Flexion Angles 

 

 

Figure C.6: Specimen L191562R Internal & External Torque-Rotation Curves at Various Flexion Angles 
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Figure C.7: Specimen L191570L Internal & External Torque-Rotation Curves at Various Flexion Angles 

 

 

Figure C.8: Specimen L191570R Internal & External Torque-Rotation Curves at Various Flexion Angles 
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Figure C.9: Specimen S192577L Internal & External Torque-Rotation Curves at Various Flexion Angles 

 

 

Figure C.10: Specimen S192577R Internal & External Torque-Rotation Curves at Various Flexion Angles 
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Appendix D: Sutures Intact and Sutures Removed Dislocation Plots 

 

Figure D.1: Specimen C191002 Anterior and Posterior Dislocation Torque-Rotation Curves (Sutures Intact/Removed) 

 

 

Figure D.2: Specimen C191008 Anterior and Posterior Dislocation Torque-Rotation Curves (Sutures Intact/Removed) 

 

 

Figure D.3: Specimen L191562 Anterior and Posterior Dislocation Torque-Rotation Curves (Sutures Intact/Removed) 
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Figure D.4: Specimen L191570 Anterior and Posterior Dislocation Torque-Rotation Curves (Sutures Intact/Removed) 

 

 

Figure D.5: Specimen S192577 Anterior and Posterior Dislocation Torque-Rotation Curves (Sutures Intact/Removed) 
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Appendix E: DM- and c-THA Dislocation Plots 

 

Figure E.1: Specimen C191002L Anterior and Posterior Dislocation Torque-Rotation Curves (Skeletonized DM-/c-

THA) 

 

 

Figure E.2: Specimen C191002R Anterior and Posterior Dislocation Torque-Rotation Curves (Skeletonized DM-/c-

THA) 
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Figure E.3: Specimen C191008L Anterior and Posterior Dislocation Torque-Rotation Curves (Skeletonized DM-/c-

THA) 

 

 

Figure E.4: Specimen C191008R Anterior and Posterior Dislocation Torque-Rotation Curves (Skeletonized DM-/c-

THA) 
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Figure E.5: Specimen L191562L Anterior and Posterior Dislocation Torque-Rotation Curves (Skeletonized DM-/c-

THA) 

 

  

Figure E.6: Specimen L191562R Anterior and Posterior Dislocation Torque-Rotation Curves (Skeletonized DM-/c-

THA) 
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Figure E.7: Specimen L191570L Anterior and Posterior Dislocation Torque-Rotation Curves (Skeletonized DM-/c-

THA) 

 

Figure E.8: Specimen L191570R Anterior and Posterior Dislocation Torque-Rotation Curves (Skeletonized DM-/c-

THA) 
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Figure E.9: Specimen S192577L Anterior and Posterior Dislocation Torque-Rotation Curves (Skeletonized DM-/c-

THA) 

 

 

Figure E.10: Specimen S192577R Anterior and Posterior Dislocation Torque-Rotation Curves (Skeletonized DM-/c-

THA) 

 

 

 

 

 

 

 


	Dislocation Mechanics of Total Hip Arthroplasty: A Combined Experimental and Computational Analysis
	Recommended Citation

	Dislocation Mechanics of Total Hip Arthroplasty: A Combined Experimental and Computational Analysis
	Abstract
	Document Type
	Degree Name
	Department
	First Advisor
	Second Advisor
	Third Advisor
	Keywords
	Subject Categories
	Publication Statement

	tmp.1644440761.pdf.ie5YE

