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SUMMARY 

Summary	
  

 Total Hip Arthroplasty (THA) has become a very popular procedure in the world today.  

As people are living longer and requiring improved function, the indications and frequency of 

performing total hip arthroplasty have expanded.  As a result there are an increasing number of 

patients who have failed total hip arthroplasties that need revision. Failure generally occurs as a 

result of the biological response to wear particles. Polyethylene particles are generates by 

frictional wear both at the articulation between the femoral head and the polyethylene liner and 

between the liner and the metal cup. The particles are opsonized by macrophages initiating a 

cascade that causes acetabular bone loss as a result the acetabular implant loosens and has to be 

revised.  

 The challenge to the surgeon is to place a new acetabular implant in the bone deficient 

acetabulum. Other causes of bone loss about the acetabulum include congenitally or 

developmentally dislocated hips and trauma about the hip. 

 Our purpose is to better understand acetabular wall (rim) defects, and the acetabular bone 

cup interface stability and fixation.  To this end several FEA models will be developed to 

investigate the different scenarios involved in THA in the presence of rim defects. 

 The first step is to create and validate a FEA Model. A cadaver pelvis is implanted with 

acetabular cups bilaterally. On one side a defect is created in the pelvis. Each construct is loaded 

with a physiologic load followed by a supraphysiologic load and the micromotion of the cups 

noted.  Based on Ct scans a model is created of both  hemipelvis  acetabular cups are implanted 

virtually. Boundary conditions are generated based on the previous literature and each pelvis is 

loaded with a profile identical to the experimental profile.  
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SUMMARY 

 Once the model is validated the model is used to examine three scenarios that will 

provide information to the hip surgeon contemplating hip revision in the case of bone deficiency. 

 The scenarios are 1: The effect of the varying degrees of cup fixation on cup stability. 2: 

The effect of defect position on cup stability, 3: The effect of defect size and cup stability.  

The results show that the cup stability is sensitive to the degree of equatorial fixation. 

Decreasing the fixation especially on the rim side can greatly increase the micromotion of a cup 

under physiologic stress. The position of a defect is critical. Defects that are superior or inferior 

and are outside the anterior and posterior columns have a minimal effect on cup stability. Defects 

of the anterior or posterior columns create instability and are sensitive to size of defect. 



 

1 
 

CHAPTER 1 - INTRODUCTION 

CHAPTER	
  1	
  -­‐	
  Introduction	
  

The cementless total hip arthroplasty has revolutionized total hip arthroplasty around the 

world [1].  As the number of patients with total hip arthroplasty increases the number of patient 

with a failed total hip arthroplasty will increase [2] [3].  

The cementless total hip creates fixation by bone ingrowth into a porous metal surface. It 

has been demonstrated that bone will grow into a porous surface with pore size of 50 to 400 

microns [4].  For ingrowth to occur less than 50 microns of micromotion is necessary between 

the bone and the porous metal surface.  

To create rigid fixation between the acetabular cup and the acetabulum the acetabulum is 

reamed with hemispherical reamers and a cup is implanted which is 1-2 mm larger in diameter 

than the reamed acetabulum. The acetabular cup is then hammered in an anatomic position. This 

is termed underreaming. 

In general in an acetabulum with moderate to severe arthritis the press fit fixation of the 

acetabular cup is adequate and bone ingrowth occurs creating a durable long lasting acetabular 

implant.  In certain situations initial fixation can be less than ideal because of a bone deficiency. 

Common causes of bone deficiency are previous failure of a total hip arthroplasty, 

developmental dysplasia of the hip and trauma. 

In the situation where there are bone deficiencies of the acetabulum, underreaming and 

placement of a cup may not be a rigid construct. There are two physical factors that determine 

this. The underreamed cup creates a hoop stress in the rim of the acetabulum creating a 

compressive force on the rim of the cup. This compressive force creates a   friction force 



 

2 
 

CHAPTER 1 - INTRODUCTION 

between the cup and bone.  The degree of friction is determined by the friction coefficient of the 

cup bone interface and normal compressive force between the two surfaces.  When the bone rim 

is deficient the rim can expand with less force diminishing the compressive force. The second 

factor is physical contact between the cup and bone.  Bone deficiencies can lead to decreased 

contact, which also diminishes the frictional force.  

If the interface between the cup and the bone is not rigid, when the cup is loaded 

micromotion can occur. When this micromotion exceeds 50 to 100 microns, this can preclude 

bony ingrowth at the interface. In this scenario fibrous ingrowth occurs which can cause pain and 

eventually lead to cup failure. 

In the situation where there is bone deficiency of an acetabulum, the surgeon must place 

an acetabular cup with adjunctive fixation to stabilize the cup. Options include the use of screws, 

bone augments, bi-lobed cups, flanged cups with screws and completely custom made cups. 

An understanding of the mechanics of cup stability can help the surgeon in planning a 

revision construct.  

To further investigate cup stability in the face of a bone defect a mathematical model of 

the pelvis and specifically the cup bone interface was created. A model will be created based on 

a patient specific CT scan with MIMICS. The model will then be imported into a CAD program 

to create the bone defects. The model will then be imported into ANSYS for FEA.  The 

Acetabular cup will be loaded with a combined profile of   torque and compression to mimic the 

gait cycle. The same cadaver will be operated on and an acetabular cup placed surgically. The 

cup will be loaded with the same loading profile.  The model will be validated comparing the 

two micromotion profiles of the real and the virtual experiment. 
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The purpose of creating the validated model is to measure micromotion of a cup bone 

construct and the stresses involved. Three specific questions will be posed. 1. How does the size 

of a bone defect influence cup stability. 2: How does position of a bone defect influence cup 

stability. 3: How does the degree of cup fixation influence the cup stability.  

The current research is unique as it is the one of the first attempts to understand and 

quantify the relative degree of micromotion associated with bone defects of different sizes and 

different locations. This knowledge is critical to eventually understanding how any bone defects 

of the acetabulum can contribute to overall arthroplasty stability. Current modeling of the 

acetabulum is geometric only and will allow creation of a geometry based prosthesis.  As this 

research continues reconstructions can be based on both geometry and mechanical 

considerations. The surgeon has a number of options when planning an acetabular reconstruction 

and currently the decision is based on experience. This research will lead to methodology to 

optimize reconstruction based on mechanical principles.  	
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CHAPTER	
  2	
  –	
  The	
  Cementless	
  Acetabular	
  Cup	
  

The impetus for the design of modern acetabular cups was the discovery that porous 

metallic surfaces held in close proximity to bone allowed the ingrowth of bone into the porous 

surface [4] [5].  The original acetabular cups were hemispherical porous coated cups that 

included a fin (Mallory Head) or a spike (AML), or a peg (PCA) to control rotation.  Another 

design used a completely hemispherical cup with screw holes to allow the placement of screws 

for added stability against rotation.  

The early coatings consisted of a sintered cobalt chrome, sintered cobalt chrome bead, 

titanium wire, or titanium plasma spray.  

There have been five notable developments in cup technology.  1. Modular polyethylene 

liners.  2. acetabular cups were placed in underreamed fashion to create a press fit.  3. The 

hemispherical cup was changed to slightly oblong to create a superior peripheral “rim” fit.  4. 

Surface treatment of the cups has been improved to increase the coefficient of friction between 

the cup and the bone.  5. The development of decreased radius metal on metal monoblock cups 

to improve motion and decrease impingement. 

The modularity of the cup has allowed for the placement of elevated rim liners so that the 

elevated rim could be dialed in to the proper position. When polyethylene wear has become 

problematic the liner could be easily exchanged with preservation of the ingrown outer cup.  

Early locking mechanisms allowed motion between the liner and the cup creating a second 

interface for the production of wear particles. Newer locking mechanisms are more robust and 

minimize backside wear. 
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Underreaming of the cup provides a tight interference fit to rigidly hold the cup until 

bone ingrowth occurs. Ramamurty et al in a canine study demonstrated that the degree of press 

fit and the bone density all played a role in determining the degree of micromotion under load [6] 

[7].  Underreaming of the cup of 1-2 mm has been recommended, the peripheral hoop stress that 

develops in the acetabulum enhances the friction creating a more rigid interface. The 

disadvantage of underreaming is the development of significant hoop stresses that can potentially 

create a fracture of the acetabulum [6] [8] [9]  .  A study done in our laboratory demonstrated 

that the hoop stresses developed with 2 mm of underreaming approached the yield strength of 

osteoporotic bone [10]. This risk is greater in osteoporotic bone and has been described in the 

literature. For this reason several authors have recommended that underreaming be limited to 1 

mm.  

The second disadvantage of underreaming is that a very rigid acetabulum may preclude 

the complete seating of the acetabular cup in the acetabulum. In very rigid bone adequate force is 

necessary to “bottom out” the cup.  

Line to line reaming of cups required supplemental screws, pegs or fins to improve 

stability of the cup. The fins or pegs made placement of the cup in the exact position difficult and 

sometimes precluded the cup from being seated completely. The placement of screw holes 

necessitated the placement of screw holes in the cup itself. Screw holes and screws themselves 

could act as a pathway for polyethylene particles to reach the bone cup interface potentially 

leading to osteolysis.  Consequently, there is a distinct advantage to using a full coat 

hemispherical cup without screw holes. Press fit fixation of the cup has been shown to be 

superior to line to line reaming with adjunctive fixation [11]. 



 

6 
 

CHAPTER 2 – THE CEMENTLESS ACETABULAR CUP 

When a cup is unstable screw placement is critical to achieving cup stability. A single 

dome screw can decrease translation of the cup but can increase rotation about the screw itself 

[12]. Multiple screws are preferable and screws closer to the rim provide more stability than 

screws about the dome [11] [13]. 

Titanium or tantalum porous surfaces are demonstrated to have improved pullout strength 

as opposed to titanium plasma spray. Several manufacturers have developed highly porous high 

friction coatings [14]. 

A photoelastic bone model was loaded with different shaped implant models to 

understand the loading pattern of different cup geometries. trispiked, finned, hemispherical, and 

nonhemispherical(wider at the periphery) cups were looked at. The spiked cup generated high 

stresses at the point of penetration of the spikes. The fins decreased peripheral stresses. The 

nonhemispherial cup increased peripheral stresses more than the oversized hemispherical 

geometry [15].  

Cementless acetabular arthroplasty relies on ingrowth of bone into a porous surface.  A 

pore size of 50 to 400 microns is thought to be ideal for bone ingrowth. For ideal bone ingrowth, 

close apposition of the bone onto the metal surface, and an absence of micromotion are necessary 

[4].  Larger size pores > 400 microns exhibit poorer ingrowth termed macro ingrowth [4].  

Micromotion between the bone and the cup can preclude the ingrowth of bone. The degree of 

micromotion that can preclude bony ingrowth is unknown but has been surmised to be 50 - 150 

microns [16].  Pilliar et al also concluded that greater than 150 microns of micromotion could 

preclude bone ingrowth into a porous surface [17].  With excessive levels of micromotion 
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fibrous ingrowth occurs as the motion is thought to shear any incipient calcification [18] [19].  

Fibrous ingrowth is not thought to be durable and may lead to eventual loosening of a cup.   

A recent study evaluation the torsional stability of a cementless acetabular cup concluded 

that the resistance to torque was quite variable among patients and could not be adequately 

evaluated intraoperatively by the surgeon with current instrumentation [20]. 

Laboratory studies show in an animal model that in a well fixed cup that becomes 

ingrown, the ingrowth of bone is associated with a decrease in micromotion at the cup bone 

interface [21].  A study in sheep of a cup coated with Sulmesh demonstrated that adequate 

fixation of a cementless cup was provided by implantation of a relative oversized cup into an 

acetabulum [22].  The authors noted that the cup stability to a torque increased three fold with 

bone ingrowth into the cup. 

A study of various designs of porous acetabular cups showed that cup subsidence 

increased between 500 and 10,000 cycles and with 300 kg loads micromotion increased over 150 

microns in most cups [23].  

A dog study of cementless acetabular cups showed the percentage of ingrowth at 6 

months to 12%. This increased to 24% both at 12 and 24 months [24]. 

Retrieval studies of Cook et al showed lower rates of bone ingrowth than other studies 

[25].  In a retrieval of 42 acetabular cups ingrowth was noted in 28 of 42. Bone ingrowth 

occurred more frequently, in greater amounts and was more evenly distributed anatomically in 

cups using screws for initial adjunct fixation. Roentgenographic and clinical findings were 

unreliable in predicting ingrowth of bone. 
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A more recent study of porous tantalum cups in dogs showed that bone ingrowth 

averaged 25.1% [26].  The authors found that the greatest ingrowth was peripherally where bone 

prosthesis contact was most consistent.  

In a retrieval study of 25 porous coated titanium acetabular components implanted with 

secondary screw fixation, Sumner et al showed that 18/25 showed ingrowth with up to 1/3 of the 

void space within the porous coating occupied by bone [27].  The maximal proportion area 

occupied was over 80%. Bone ingrowth was more often observed at the dome and in the vicinity 

of screw fixation. 

  Another study by the same group showed the average volume fraction to be 12.1 (8.2%) 

[28].  Bone ingrowth is particularly in the area of the dome and in the vicinity of sites of screw 

fixation. Bone ingrowth peripherally was less consistent. Autopsy retrievals from the Anderson 

Orthopaedic Institute showed unpredictable growth in the acetabular component ranging from 

3% -84% and averaging 32% [29].  

Nishii et al found no correlation between osteoblastic response to arthritis in the hip and 

the outcome of cementless fixation [30]. 

The aim of cementless fixation of a porous coated cup is to maintain the porous coating 

of the cup in close apposition to the acetabular bone permitting ingrowth of the bone into the 

porous coating. For this process to occur two things are necessary 1: close apposition of the cup 

to the bone, 2 minimal motion between the bone and the coating. Motion greater than 150 

microns will preclude bony ingrowth and can lead to fibrous ingrowth of the cup. Fibrous 

ingrowth may not be durable and can lead to pain or eventual loosening of the cup. 
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Line to line placement of a cup allows almost complete contact between the bone surface 

and the bone. However line to line placement is relatively unstable as torque on the cup due to 

impingement or microseperation and eccentric loading may produce a torque at the interface 

creating unacceptable micromotion. When line to line placement is performed, screw fixation of 

the cup is necessary.  

Won et. al. also looked at the effect of screw fixation [9].  They noted that adding screws 

decreased the micromotion at the site of the screw but increased motion at the opposite side of 

the cup. Screw fixation can also create neurovascular injury [31].  When line to line fixation is 

contemplated is necessary to use a cup with screw holes for screw placement. 

The primary fixation of a porous cementless cup is through undersizing of reamed 

acetabuluum producing an interference fit.  Hoop stresses are created in the acetabular rim 

creating a normal frictional force at the cup bone interface.  

Won et. al. looked at line to line vs underreaming of a porous acetabular cup.  They noted 

that excellent fixation could be achieved with underreaming of 2-3 mm [11].  Underreaming 

greater than 2 mm however can be associated with increased hoop stresses that can cause 

fracture upon insertion [10]. 
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CHAPTER	
   3	
   –	
   Etiology	
   Location	
   and	
   Classification	
   of	
   the	
   Deficient	
  
Acetabulum	
  

Defects of the acetabulum can occur from developmental problems associated with 

congenital subluxation or dislocation [32].  Frequently the congenital dislocated hip will show 

inadequate coverage of the femoral head with a shallow acetabulum. The bone column may not 

be thick enough to obtain adequate coverage of the cup. 

Fractures of the acetabulum especially those that have not undergone open reduction and 

internal fixation can show significant bone deficiency [33] [34] [35].  Ununited fracture 

fragments of the posterior or anterior wall are unable to support a cementless cup. 

The most frequent cause of bone loss and bone defects is osteolysis.  The modern total 

hip arthroplasty consists of metal stem and articulating ball as well as an acetabular outer shell 

with an inner polyethylene insert. The metal ball of the femoral component articulates with the 

polyethylene liner. Frictional wear between the femoral head and liner creates wear particles 

which are submicron and are extremely biologically active.  Osteolysis and bone loss occurs as a 

reaction to wear particles [36] [37] [38].  A total hip arthroplasty that has been present for several 

decades will create substantial volumetric wear in the form of submicron particles. This can lead 

to cup loosening as well as significant structural bone loss. 

The acetabulum is composed of the confluence of three bones, the ischium, the illium and 

the pubis. The acetabulum is shaped as an inverted V visible from inside the pelvis. The base of 

the V is the obturator foramen. The anterior and posterior limbs of the inverted V are the anterior 

and posterior columns, which are regarded as critical for stability of the acetabulum. Visualizing 

the acetabulum from the lateral side of the body the acetabulum is a curved inverted crescent 

moon shaped surface termed the lunate surface that articulates with the femoral head.  The lunate 
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surface surrounds the acetabular fossa.  The inferior portion of the acetabular fossa is termed the 

acetabular notch.  The acetabular notch opens into the obturator foramen inferiorly (Figure 1). 

 

Figure 1 - Anatomy of the Acetabulum - Lateral View -The three bones constituting the 
acetabulum the ilium, the ischium and the pubis are illustrated. (Creative Commons: 

Wikipedia) 

 

The acetabular columns are key to the stability of the cementless acetabular cup. 

Fractures or defects in a column of the acetabulum preclude fixation of the acetabular cup.    

When reconstructing the acetabulum after failure due to osteolysis, cup stability may be 

threatened by bone loss. The second critical factor is that bone loss may adversely impact 

osseointegration potential through decreased bone-implant contact area [39]. 
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Classification systems for bone deficiency currently in use are the Paprosky and the 

AAOS system [40] [41] [42].  Both systems are descriptive in nature but neither evaluates the 

mechanical stability of the deficient acetabulum and its effect on cup stability.   

Paprosky developed the classification evaluating 147 patients. The four criteria used to 

assess the preoperative radiograph are 1. Superior migration of the hip center, 2. ischia 

osteolysis, 3. Teardrop osteolysis, and 4. Position of the implant in relation to Kohler’s Line 

(Table I) [43].  Superior migration indicates loss in the dome involving the anterior and posterior 

columns. Medial word migration has preferential loss of the anterior column and lateral 

migration shows preferential loss of the posterior column.   Ischial osteolysis indicates loss of the 

inferior aspect of the posterior column, while teardrop osteolysis indicates loss of the medial and 

inferior aspects of the acetabulum.  In Type 1 there is minimal loss of the rim and walls and 

reconstruction can be done with a cementless cup. In type 2 the acetabular rim and walls are 

distorted, but there is adequate bone for support of a cementless prosthesis. Type 2a: Superior 

migration with the superior rim intact, Type 2b superior acetabular rim is missing, Type 2c 

medial wall defect with migration medial to Koehler’s line.  Type 3 defects have compromise of 

the walls and rim. Migration is greater than 2cm proximally. Type 3a involves more than 1/3 but 

less than ½ of the acetabular rim. There may be adequate bone for ingrowth but structural 

augmentation is necessary for initial cup fixation.  Type 3b involves more than half of the 

circumference. 

Acetabular defects were graded pre-operatively on a plain AP radiographs. Intra-

operatively 11% of grade II defects were upgraded to type III and 5% of type III defects were 

downgraded to type II. The intra- and inter-observer reliability of the Paprosky classification of 

plain radiographs have been found to be moderate to poor by other authors [44] [45] [46]. 
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Table 1 - The Paprosky Classification of Acetabular Defects 

Type Description 

Type 1 -­‐ Rim is intact w/ no significant distortion of the rim 
-­‐ Acetabulum is hemispherical but there may be small focal areas of contained 
-­‐ Anterior and posterior columns are intact 

Type 2 -­‐ Distorted but intact rim with adequate remaining bone to support a 
hemispherical cementless implant. 

Type 2A -­‐ Anterior and posterior columns are supportive and the rim is intact bone loss is 
superior and medial. 

Type 2B -­‐ Superior rim is deficient for less than one third of the rim circumference; 
-­‐ Migration is less than 3 cm above the obturator line directly superior or  in 

combination with lateral migration. 
Type 2C -­‐ There is medial wall defects and migration of the component medial to 

Kohler’s Line 
-­‐ Rim of the acetabulum is intact and will support the component 

Type 3 -­‐ Acetabular rim is not adequate for initial stability of the component 

Type 3A -­‐ Characterized by greater than 3 cm of superior migration of the femoral 
component cephalad to the superior obturator line. 

-­‐ Moderate teardrop and ischial lysis, and an intact Kohler line. 
Type 3B -­‐ There is less than 40% of host bone available for ingrowth 

-­‐ Rim defect is greater than 1/2 circumference 
 

 

Table 2 - AAOS Classification of Acetabular Defects 

Type  Description 

Type I Segmental Deficiency      
A 

 
Peripheral: Superior/ Anterior/Posterior  

                                                         
B 

 
Central Medial Wall Absent 

Type II Cavitary Deficiency         
A 

 
Peripheral: Superior/ Anterior/Posterior 

                                                                 
B 

 
Central Medial Wall Absent 

Type III Combined Segmental and Cavitary Deficiency 
Type IV Pelvic Discontinuity 
Type V Arthrodesis 
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The American Academy of Orthopaedic Surgeons (AAOS) classification distinguishes 

between segmental and cavitary defects (Table 2) [42].  Type I are segmental defects that are 

peripheral (IA), involving superior, anterior or posterior rim, or central (IB) with absent medial 

wall. Cavitary defects or volumetric expansions are classified as type II and sub-classified once 

again into peripheral (IIA) and central (IIB). Combined segmental and cavitary defects are 

classified as type III, pelvic discontinuity type IV and arthrodesis type V. This is a descriptive 

classification that does not provide the surgeon with a guide for reconstruction options. Poor 

reliability has also been demonstrated with this classification system. 

Mechanically the validity of the Paprosky Clasification has been questioned because it 

does not accurately predict the degree of bone loss that can influence the degree of cup stability 

[44] [45] [46].  Both classifications are descriptive in nature but either is based on mechanical 

stability. 

The current project endeavors to understand the mechanical effect of bone defects on cup 

stability.  We believe that mathematical modeling will prove superior to a descriptive 

classification in planning and optimizing a construct to rebuild an acetabulum with structural 

bone loss.  
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CHAPTER	
   4	
   –	
   Current	
   Treatment	
   and	
   Solutions	
   for	
   Patients	
   with	
   a	
  
Defective	
  Rim	
  

 Currently the cementless acetabular cup provides excellent fixation in an arthritic 

acetabulum without bone loss. As described in previous chapters, an intact rim is necessary for 

a durable and stable press fit fixation. Small defects in the rim may have little defects but larger 

defects can decrease the rigidity of the cementless cup as placement of an underreamed cup will 

not create hoop stresses or a frictional compressive force to stabilize the acetabular cup.  

The stability and fixation can be compromised due to deficiencies on the posterior or anterior 

acetabular walls [43].  The integrity of the acetabular wall is important for cup fixation and 

stability because defects often result in a lack of fixation at the cup-bone interface due to uneven 

contact at the interface [23]. A number of corrective methods for stabilizing the wall prior to 

cup implantation are currently in use, such as bone grafting [47], screw fixation [13] [48] or the 

use of metal augments [49] [50] [51]. 

 Well-fixed components that demonstrate osteolysis of the acetabulum associated with 

polyethylene wear can be treated with bone grafting of the defects and replacement of the worn 

polyethylene liner [52] [53].  In cases of superior migration with an intact rim, a cementless cup 

can be placed superiorly or the ovally deformed cup can be overreamed to a large diameter for a 

“jumbo’ cup [54] [55] [56].  Another option is the bilobed cup that has an oval shape [57] [58].  

The placement of metallic wedges can also be used to fill a superior defect (Figure 2) [49] [50] 

[51]. 
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Figure 2 - Cementless Cup showing osteolysis about the stem and cup with eccentric 
position of the femoral head due to polyethylene wear.  

 

 

Figure 3 - Cup after bone grafting and liner exchange showing well centered prosthetic 
head in cup. Osteolytic defects have been grafted.  
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Figure 4 - Arthritic hip with superior migration of the femoral head. There is significant 
superior bone loss, loss of joint space and loss of sphericity of the femoral head.  

 

 

Figure 5 - Hip Arthroplasty with superior metal wedge placed above cup to reconstruct 
superior defect. The superior migration of the femoral head is corrected with the head in 

an anatomic position. 

 

More severe bone loss may preclude the fixation of a simple cementless hemispherical 

cup. In this case there are several options. The cemented cage construct has shown poor long 

term survival. The “trampoline” a trabecular metal revision shell is a metal cage like construct 



 

18 
 

CHAPTER 4 – CURRENT TREATMENT AND SOLUTIONS FOR PATIENTS WITH A DEFECTIVE RIM 

fits into a cementless cup [59].  The cup is off loaded and stabilized by the cage until bone 

ingrowth. The final option is the use of a custom made cup with porous coated flanges [60].  A 

CT scan is used to create a solid model and from the model a custom cup with porous coated 

flanges. (Figure 6 - Figure 9) 

 

Figure 6 - Failed Hip Arthroplasty with migration of the cup into the pelvis. There is 
complete obliteration of the medial wall of the acetabulum. 

 

 

Figure 7 - Acetabular Model and model of custom designed cup, made from CT scan of 
deficient acetabulum. Flanges are designed to anchor to the ilium and ischium with screws. 
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Figure 8 - Custom designed cup with porous coated flanges. 

 

 

Figure 9 - Reconstruction of acetabulum with custom designed cup. Note screws anchoring 
the cup into the illium and ischium. Femoral head is in the near anatomic position. 

 

Bone grafting can be utilized to fill bone defects caused by osteolysis. Structural bone grafts 

are not recommended. As bone graft becomes revascularized the bone can lose its initial 

mechanical properties and allow collapse of the construct [61] [62] [63].  Bone substitutes have 

also been used to reconstruct defects in a nonstructural application.  
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The Paprosky and AAOS classifications are descriptive and are not based on mechanical 

principles.  We hypothesize that the size and position of a rim defect about the acetabulum both 

are variables that determine the degree of stability of a pressed fit acetabular cup.  To better 

understand the mechanical stability of a cup in the face of bone defects. 
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CHAPTER	
  5	
  –	
  Experimental	
  Methods	
  and	
  Loading	
  of	
  the	
  Cup	
  

The experimental methods make use of position micro-sensors used to measure the cup 

bone interface after a THR in cadaveric specimens. The experiment consisted of manually 

creating a precision defect, implanting acetabular cups though the same procedure used in 

patients including under reaming, cup positioning and insertion of the cup. The second phase 

focused on instrumenting and load testing the hemipelvises using a specially designed fixture 

and Instron machine.  The data acquisition and its methodology are based on previous works 

performed in the Biomechanics Research Laboratory [10] [64] [65].  The workflow of the 

experimental method is diagramed in Figure 10. 

 

 

Defect	
  Creation	
  

Each of the two pelvises was removed from a fresh-frozen cadaver, which was previously 

maintained at -20°F. The pelvises were free of any musculoskeletal or structural abnormalities as 
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Figure 10 - Workflow of experiment. 
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noted on visual inspection. After thawing the pelvises, they were imaged with CT scan prior to 

disturbing any pelvic tissues. 

Next, the pelvises were dissected using a postero-lateral approach to expose the 

acetabulum, and the femur was dislocated. The labrum and all soft tissue in the fovea were 

removed. Following the methods described above the appropriate defect location was identified 

and outlined on the specimen. A rongeur, osteotome, and mallet were used to create the full-

thickness defect. (Figure 11) A Vernier caliper and ruler were used continuously throughout the 

procedure to confirm that the defect size was correct. Following defect creation, a second CT 

scan was performed on the pelvis.  

 

Figure 11 - Creation of superior acetabular defect. Chisels are used to create the defect.  

 

Cup	
  Implantation	
  and	
  THR	
  procedures	
  

Two full sets of Johnson & Johnson Gription implants (ranging from 54mm to 66mm), 

along with the necessary surgical instruments, were available before starting the cup 

implantation procedure. The procedure began by fully removing the femur, as it was not needed. 

Reaming proceeded by increasing in 1mm diameter increments until an appropriate final 

diameter was reached, using the same criteria as would be used during an actual procedure. The 



 

23 
 

CHAPTER 5 – EXPERIMENTAL METHODS AND LOADING OF THE CUP 

criteria to determine how much to ream was the same as used in surgery, and included: 

maintaining the anterior, posterior, and medial wall, while removing all hyaline cartilage such 

that an exposed bed of bleeding bone was visualized. Given that the tissue was not living, an 

estimate was made as to when a bed of bleeding subchondral or cancellous bone would occur. 

The Gription cups were implanted with 1mm of under-reaming. The cups were impacted with a 

mallet at 45° of inclination and 30° of anteversion. The medial wall of the pelvis was visualized 

through the apical hole of the cup to ensure the cup was fully seated. The same surgeon (MHG) 

performed both implantations. 

After defect creation and cup implantation, the pelvises were hemi-sectioned through the 

pubic symphysis and sacrum with all soft tissues still in place. The soft tissues help dampen the 

vibration of the bone saw and minimize any potential damage to the pelvis created by the bone 

saw vibration. The pelvises were then denuded of all soft tissues and potted (using Bondo®) in a 

structural metal box. Importantly, the cup rim was carefully maintained in the horizontal plane as 

the cement cured. Also, a line on the pelvis between the ASIS and ischial tuberosity was 

maintained parallel to the side of the metal box. These two preceding criteria define the reference 

system described below (see Figure 14). A third CT scan was performed of the potted pelvises 

with cups implanted for use in separate analysis. 
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Figure 12 - Placement of acetabular cup. The acetabulum has been reamed and the cup is 
impacted into the acetabulum. 

 

 

Figure 13 - Placement of acetabular cup showing superior defect. The cup is being 
impacted. The portion of the cup uncovered by the defect is visualized.  
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CHAPTER	
  6	
  –	
   Instrumentation,	
  Sensor	
  Placement,	
  Data	
  Acquisition	
  and	
  

Load	
  Profile	
  

Reference	
  Frame	
  and	
  Coordinate	
  Systems	
  

The cubical structural metal box that the pelvi are cemented in is used to define a 3-D 

axis coordinate system (Figure 14). A line drawn through the ASIS and ischial tuberosity is 

maintained parallel to the side of the metal box as the cement cures. Additionally, the rim of the 

acetabular cup is maintained in a horizontal plane, parallel to the bottom of the box. This 

coordinate system is used in several other studies (Figure 15, Figure 16) [48].  Lee, et.al. visually 

divided the acetabulum into 4 quadrants intraoperatively and estimated the percentage of bone 

not in contact with a trial acetabular cup (Figure 16) [62].  They then used these numbers to 

determine the percentage of the cup in contact with the bone, and therefore the defect size. Other 

coordinate systems include orienting the boney acetabular rim in the horizontal plane, with a 

centerline through the center of the acetabular notch. 
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Figure 14 - Coordinate system. The longitudinal axis runs from the anterior superior iliac 
spine to the center of the ischium. 

 

Figure 15 - Coordinate System Quadrants Illustrated. The longitudinal axis from the 
anterior iliac spine to the center of the ischium is shown. The second axis is perpendicular 

to this bisecting the acetabulum.  
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Figure 16 - Quadrant Position in relation to Pelvis. The axis of the pelvis in an upright 
position is illustrated. 

 

	
  Instrumentation	
  and	
  Sensor	
  Placement	
  Description	
  

Each hemipelvis and acetabular cup was instrumented with eight linear variable 

differential transducers (LVDT, Trans-Tek Inc., AC-DC 332).  LVDTs are capable of measuring 

the small displacements that a pelvis and acetabular cup experiences under loading conditions 

(e.g., during walking, jogging, squatting, etc.).  The resolution of each LVDT is 20um (≈0.00079 

in). The support and adjustment structures surrounding each LVDT are relatively large, and 

therefore a unique support scaffold was built and is described below (Figure 17). 

A 0.500” diameter metal rod was rigidly attached to the apical hole of the cup in a 

vertical orientation. A metal “cross” was attached to the vertical rod and used as the LVDT 

contact point to capture cup motion. A total of six LVDTs contacted the metal cross. Three were 

along the Z-axis (#1-3 in Figure 18) and three were radially out from the center of the metal 

cross (#4-6 in Figure 18). Lastly, two LVDTs contacted the boney rim of the acetabulum along 

the X and Y-axis to capture acetabular cup expansion under loading (#7-8 in Figure 18). It is 
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assumed that no rotation around the Z-axis takes place. The combination of LVDTs #1-5 allows 

a kinematic analysis of the five degree of freedom acetabular cup (Figure 19). 

 

Figure 17 - Experimental Setup showing position of sensors. The key sensors used are the 
superior posterior and anterior sensors.  
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Figure 18 - LVDT placement diagram for Testing of the cup-bone interface. 

 

Description	
  of	
  Load	
  

An offset compression load was applied along the Z-axis through a metal rod which was 

rigidly attached to the apical hole of the acetabular cup (Figure 19).  An Instron® Static 

Hydraulic Loader applied the load, and the load was offset 18mm along the X-axis in the 

direction of the ischial tuberosity. 
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Figure 19 - Schematic of applied torque and normal force to acetabular cup. 

 

Load	
  Profile	
  

The applied load began at zero and increased to the set maximum load, at a linear ram 

velocity of 2 mm/min. Once the maximum load was reached, the ram returned to 10N of load 

(defined as zero load) at 2 mm/min. This load-unload cycle was repeated three times for each 

maximum load setting. The maximum load setting ranged from 25-1500N in increments of 25N 

for a maximum load of 25-300N (i.e., a maximum of 25, 50, 75, etc.), and in increments of 50N 

for 300-1500N (i.e., a maximum of 300, 350, 400, etc.). The moment arm generated a maximum 

torque that ranged from 0.45-27 N-m. 

The load profile applied to the acetabular cup was chosen to simulate a combination of 

the greatest forces experienced by a THA patient during walking and subluxation. The peak 

normal force applied (compression component) simulates a brisk walk or jog, whereas the peak 

torque applied (moment component) simulates subluxation potentially experienced while rising 

from a chair or squatting position. The hip reaction force can vary from 3-5 times body weight in 
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single leg stance and during ambulation for the native hip [66].  The peak compressive load after 

total joint arthroplasty has been shown to be slightly diminished over the native hip because of a 

decrease in cadence [67].  For reference, the peak normal force of 1500N used in this study is 

equivalent to statically supporting 337 lb., on one hip joint.  Four times body weight for a 175 

pound man is 3115 Newtons.  

At the extremes of motion a total hip arthroplasty can impinge or sublux and relocate. 

Both conditions load the joint eccentrically producing a torque on the interface. For this reason 

the load is applied with an offset to also apply a torque to the interface [68]. 

Directly comparing acetabuli on the same pelvis allows the experiment to control for 

several potentially confounding variables (e.g., cancellous bone density, cortical bone thickness, 

resultant coefficient of friction of the reamed acetabular surface, etc.). Although some 

differences may exist between the right and left side of the same pelvis, this is the most practical 

method to mitigate these potential differences. 

Data	
  Acquisition	
  

Two different software programs were used to collect data. The Instron® software 

managed ram position and recorded applied load using a built-in 50 kN strain gauge, as a 

function of ram position. Separately, LabView collected LVDT position data, as a function of 

time. These two sets of data were later combined into one set by matching peak values in the 

separate position-based and time-based data sets. 

Repositioning of sensors proved to be one challenge in data acquisition. Each sensor has 

a total measurement range of approximately 2mm. However, this is reduced to about 1mm since 

testing begins with each sensor in the middle of its measurement range. The total travel range 
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required of each LVDT during the experiment is greater than 4mm; thus, repositioning is 

required. Recording LVDT position during adjustment (for use later as a “calibration”) solves 

this problem. The recorded start and end position of the LVDT in the calibration file allows the 

pre- and post-adjustment data to be aligned later, during the data analysis phase. 
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CHAPTER	
  7	
  –	
  Development	
  of	
  the	
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The cementless cup is commonly placed in an acetabular cup that has a diameter 1 mm 

smaller than the cup. The cup has a porous roughened outer surface that has been described 

previously. The cup is shaped as an inverted U with a defect inferiorly. 

When the cup is placed the acetabulum is forced to enlarge. There is a combination of 

plastic and elastic deformation. The literature documents local crushing of the trabecular 

associated with cup insertion. Once a cup is placed changing position is known surgically to 

decrease the stability of the cup. 

Initially cup placement was modeled with the bone as a purely elastic material and the 

cup as a completely rigid material. The cup was “impacted” into the underreamed acetabulum by 

forcing the dome of the cup into contact with the dome of the acetabulum. As soon as the initial 

constraint was released the cup “snapped back” maintaining equatorial contact only. We believe 

that hoop stresses created friction in this model that held the cup in place at the equator only 

(Figure 20). 

 

Figure 20 - Model of a purely elastic bone cup interface showing contact (red) only in the 
equatorial region. Note near contact (yellow) at the dome of the cup. 



 

34 
 

CHAPTER 7 – DEVELOPMENT OF THE MODEL 

This model of purely elastic deformation of the bone was abandoned because we believed 

it did not accurately represent the experimental interface.  Convergence of the model as the bone 

deformed could not be achieved reproducibly.  We believe that the experimental cup created 

plastic deformation at the rim, but there is an element of elasticity that causes the cup to snap 

back so that dome contact is not present. 

Clinically it is obvious that the interface is not purely elastic. When a cementless cup is 

placed and the position changed the interface is degraded and the cup becomes unstable. The 

acetabulum must be reamed once again and the cup reimpacted to create a new interface.  

It has been shown in a canine study shown that primary fixation of a cementless cup is 

much greater about the equator [26].  Retrieval studies have shown ingrowth about the rim and 

and about screws in the acetabulum [28]. 

It was decided to bind the cup to the rim of the inverted U in an arc covering 270 degrees.  

The bonded contact is created in an equatorial rim accounting for 15-25% of the overall surface 

area of the cup. 

The first experiments evaluate the effect of decreasing the width of the constrained 

surface at the equator of the cup.  This was specifically conducted to evaluate two new designs of 

the cup.  The Durom (Zimmer) and ASR (Depuy) cups both showed a decreased radius of 165 to 

170 degrees (less than the 180 degree full hemispherical cup). This was done specifically to 

reduce impingement of the femoral neck on the cup.  However in so doing the equatorial area of 

contact is diminished. 

Clinical reports showed that a relatively high percentage of these decreased radius cups 

were failing within the first six months of their implantation. Although there are problems noted 
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from wear in metal on metal cups, this problem manifests itself in later formation of Aseptic 

lymphocytic lesions (ALVAL) [69].  The time course of the ALVAL lesion is several years. The 

early cup failures were as a result of bone failing to ingrow [70] [71] [72] [73] [74] [75].  This 

points to initial fixation as being a problem. The question is can a decreased equatorial region 

and decreased equatorial fixation lead to increased micromotion and failure of ingrowth. 

The second scenario was conducted to evaluate the dual radius cup. Several 

manufacturers have designed a cup with a larger radius at the equator than at the dome. This was 

designed to improve compressive forces at the equator. Practically by decreasing the radius of 

the dome contact on the dome side of the equator is also diminished. This has been modeled by 

decreasing the width of the equatorial constrained band on the inner side. 

The second experiment evaluates the effect of bone defects on cup stability. Bone defects 

are created at 45 degree intervals and involve 17-23% of the constrained equatorial nodes. The 

difference in position has two important factors. First the inferior defects will outside the two 

structural columns and may have less effect on micromotion than a defect in a structural column. 

Secondly, since the equatorial area of constraint is the upper 270 degrees of the arc, a defect not 

bridged by the constrained nodes may have more micromotion than defects bridged by 

constrained nodes. 

The third experiment evaluates micromotion as a function of defect size. Three defect 

sizes were evaluated at two positions the seventh and second position.  The positions were 

selected because the second position is bridged by the constrained nodes and the seventh position 

is not bridged by the constrained nodes. 

  



 

36 
 

CHAPTER 8 – COMPUTER MODELING OF THE ACETABULUM BASED ON CT DATA USING 
CAD/MIMICS 

CHAPTER	
  8	
  –	
  Computer	
  Modeling	
  of	
   the	
  Acetabulum	
  Based	
  on	
  CT	
  Data	
  

Using	
  CAD/MIMICS	
  	
  

The right hip of the cadaver is exposed and a 1 X 2 cm defect is created in the acetabulum in 

the posterolateral aspect of the acetabulum. (see CHAPTER 7 – Development of the Model).  A 

CT scan is obtained of the pelvis and the frame of reference is termed the “Body” Frame of 

reference. The acetabula are each reamed and an acetabular cup is placed in each.). After cup 

placement each hemipelvis is dissected from the body and potted into a metal holder or “Box”.  

After potting, a CT scan is obtained of each potted hemipelvis.  Each hemipelvis in the “box” is 

then loaded with a prescribed torque and compressive force and the micromotion is measured.  

To create the model a solid model of the pelvis is constructed from the CT scan (Dicom) 

image of the pelvis. The workflow of the modeling process is shown in Figure 21. 
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Figure 21 - Workflow of Model Creation 
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The Dicom Images are imported into MIMICS.  The images are segmented using a bone 

threshold to create a mask containing the bony pelvis and sacrum only while excluding all soft 

tissue.  Manual segmentation followed by region growing is then performed to isolate each 

hemipelvis.  A mask is created of each hemipelvis isolating it from the contralateral hemipelvis 

and sacrum.  The right hemipelvis contains the defect and the left hemipelvis is pristine.  Both 

hemipelvis’ are in the “Body” frame of reference.  

Each hemipelvis is then manually “closed” to remove any surface holes with a lasso –add 

function in MIMICS.  

The bone is wrapped and smoothed (3-5 mm) to close all superficial defects and remove 

all superficial imperfections.  This is done to limit the number of elements in the meshing 

process without changing the stress distributions substantially.  

The cup reamer assembly is then constructed in Pro- Engineer with a revolving extrusion.  

The reamer consists of a hemisphere attached to a cylinder (Figure 22).  The reamer diameter is 

equivalent to the reamer diameter used in the pelvic reaming.  Similarly, the cup diameter is the 

same diameter as the real cup placed in the hemipelvis. The reamer and cup are collinear so that 

once the reamer is placed the cup can be moved along the same axis to maintain the proper 

position (Figure 22).  After creation in ProEngineer the cup reamer assembly is saved as an STL 

file for later  import into 3matic.  

A solid model of each “boxed” hemipelvis with the acetabular cup in place is created 

from CT scan. DICOM images are imported into MIMICS to create the solid model (Figure 23).  

This model will used to guide placement of the acetabular cup model so that it reflects the 

physical cup insertion.  This will also allow determination of the nodes in the meshed model that 
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correspond to the LVDT sensors in the “boxed” hemipelvis.  Both are critical for validation of 

the model.  

The mask of each pelvis (with and without defect) in body frame of reference is imported 

into 3 matic.  A second mask of the “boxed” hemipelvis pelvis with the cup in place is imported 

into 3 matic so that the virtual reaming and cup placement can mimic the actual cup placement. 

Once the proper position is ascertained the second mask is deleted.  A cup reamer is then 

imported into 3 matic and inserted into the pelvis to the proscribed depth.  A Boolean is 

performed to mimic reaming.  The virtual reamer is 1 mm less in diameter than the virtual cup. A 

primitive plane is created for subtraction and the reamer is separated from the cup inserter 

assembly.  The reamer is then deleted.  The cup inserter assembly is left in place. The cup is one 

mm larger than the reamed acetabulum. The cup is now visibly protruded into the acetabulum.  

The cup is now withdrawn along its axis so that the cup in barely touching the 

acetabulum. Eight different cross sections are viewed to ascertain that the cup is not protruded 

into the acetabulum at any point. The distance from the apex of the cup to the apex of the reamed 

acetabulum is measured. This is the distance that the cup will be pushed to fully seat the cup into 

the acetabulum.  

At this time initial placement of the cup is complete. The cup and acetabulum must now 

be meshed in 3matic returned to MIMICs and saved as an ANSYS compatible file (Figure 24). 
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Figure 22 - Cup and Reamer created in Pro Engineer and Imported into 3Matic. 

 

 

Figure 23 - Model of hemipelvis in MIMICS. Segmentation has been performed to isolate 
the hemipelvis from the contralateral hemipelvis.  
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Figure 24 - Mimics model of acetabulum with cup in place. Note anatomic position of the 
cup and inserter which is used to apply prescribed loads. 
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CHAPTER	
  9	
  –	
  FEA,	
  Meshing,	
  Boundary	
  Conditions,	
  and	
  Loading	
  

The pelvis and the cup with inserter 3D model is imported from MIMICS into ANSYS. 

The pelvis is fully constrained in the ischium and pubis modeling the experiment. The element 

type is Solid 72 which is a 4 node tetrahedron structural solid. This model is selected because it 

is useful for relatively irregular meshes such as a bone model.   A coefficient of friction was set 

at 0.3 and the Young’s Modulus for the cortical bone was set at 20,000 and for cancellous at 

10,000. The cup is bonded to the acetabulum at a limited surface (see CHAPTER 7 – 

Development of the Model). The loading profile consisted of a combination of compression and 

torque produced by loading the cup off axis mimicking the experimental setup.  

 

Figure 25 - Diagram noting the constrained nodes of the pelvis (Ischium and Illium) as well 
as the application (red line) of the compressive force. 
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In the first experiment the cup is constrained to the acetabulum at a varying number of 

nodes (bands). The cup is then loaded in 200 Newton increments from 0 to 3000 Newtons 

(Figure 25).  The micromotion is measured by taking the micromotion readings at 3 nodes 

superior inferior and anterior and the tilt   of the cup is calculated in the superior inferior and 

anterior posterior planes. The experimental results are compared to the results of the cadaver 

experiment to validate the experiment. The experiment is repeated for different degrees of 

constraint (4, 6, 8 bands). Two scenarios where the nodes are decreased either on the rim or 

equatorial side are analyzed.  This is discussed in CHAPTER 12 – Investigation of Cup Bone 

Fixation and Stability vs Defect Location.  

Table 3 - Percent of Nodes Constrained with Different Bands 

Bands Constrained Ratio of Constrained Nodes  Percent Constrained Nodes 

8band 268/1161 23.10% 

6band superior 189/1161 16.30% 

6band inferior 216/1161 18.60% 

4band superior 111/1161 9.60% 

4band middle 137/1161 11.80% 

4band inferior 157/1161 13.50% 

 

In the second experiment the model is imported into Hypermesh and defects of the 

acetabular rim are created. The rim circumference is divided into eight equidistant defects 

(Figure 26).  The defects are spaced 45 degrees apart and are roughly 1.5 cm in width and depth. 

The exact percentages of the total constrained nodes contained in each defect ranges from 17% 

to 23% and vary because some of defects fall in an inferior location where fewer nodes are 
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constrained.  The models are reimported into ANSYS and the experiment repeated with the same 

loading profile.  

Table 4 - Percentage of Constrained Nodes in Defect Model 1-8 

Defect Number Ratio (Nodes constrained) Percent Constrained Nodes 

1 208/1161 17.91559001 

2 210/1161 18.0878553 

3 219/1161 18.8630491 

4 248/1161 21.36089578 

5 268/1161 23.08354866 

6 256/1161 22.04995693 

7 185/1161 15.93453919 

8 206/1161 17.74332472 

 

 

Figure 26 - Position of Defects 1-8. The defects are spaced 45 degrees apart. Defects 1 and 5  
are along the primary axis which connects the anterior superior iliac spins and the ischium. 
Defects 3 and 4 are in the anterior column and defects 3 and 4 are in the posterior column. 

Defects 5 and 6 are inferior to the columns. 

 

The third experiment evaluated the effect of the size of defect on the cup stability. The 

model was imported into hypermesh and different size defects were created in the second and the 
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seventh position of defect (Figure 27 - Figure 29).  These positions were selected because in the 

second position there are nodes constrained to the cup on both sides of the defect while in the 

seventh position there are constrained nodes on only one side of the defect.   The experiment is 

then repeated with the same loading profile. 

Table 5 - Percent of Nodes in Defects 

Defect Size Nodes  Defect 

Position 7 

Percent   Defect 

Position 7 

Nodes Defect 

Position 2 

Percent Defect 

Position 2 

Large 1025/1161 11.71% 1033/1161 11.02% 

Medium 1091/1161 6.03% 1091/1161 6.03% 

Small 1137/1161 2.07% 1136/1161 2.15% 

 

 

 

Figure 27 - Small Defect Position 2.  2.15 % of nodes from the surface are removed.  
Position 2 is a contained defect  
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Figure 28 - Medium Defect Position 2. 6.03% of nodes from the surface are removed. 

 

 

 

Figure 29 - Large Defect Position 2. 11.02% of nodes from the surface are removed.  
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The FE models used in the simulations are all based on a press-fit acetabular component 

and incorporate linear optimized material and bounded contact. The model was loaded with a 

road loader similar to the experimental setup used in the validation of the FEA model where 

loads of 1600 and 3000 N (3-4 X Body Weight) simulating one leg stance during fast walking 

and the second load was used as a testing load of failure. 
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CHAPTER	
  10	
  –	
  Validation	
  of	
  the	
  Model	
  

The model has been previously validated in our laboratory and reported with 18 cadaver 

experiments [10] [76].  For the particular model which is patient specific, the cadaver test was 

repeated.  

A male human cadaver was obtained and a CT scan of the pelvis was taken.  The bilateral 

hips were exposed and a 1.5 cm defect was created in the right acetabulum, analgous to the first 

defect of the virtual pelvis   (see CHAPTER 14 – Discussion).  The acetabula were reamed and a 

cementless cup was placed bilaterally. A CT scan was then performed of the pelvis to ascertain 

the position of the acetabular cups.  

The hemipelvis with the acetabular components was harvested and placed in the testing 

jig as described in CHAPTER 8 – Computer Modeling of the Acetabulum Based on CT Data 

Using CAD/MIMICS. Micromotion was tested by three LVDT sensors placed superiorly 

inferiorly and anteriorly. Each acetabular cup was loaded with a loading profile as described in 

Chapter 8. The relative micromotion was calculated both in the Superior inferior and anterior 

posterior planes.  

A virtual model was created of the same pelvis both with and without the defect. The 

component was placed in an identical position as defined by the CT scan.  An identical loading 

profile was then applied to both the acetabulum without a defect and that with a superior 

(position1) defect. The relative micromotion was calculated again in the superior inferior and 

anterior posterior planes. The values were plotted of the experimental and the virtual model 

values. 
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Figure 31 - Acetabulum without defect anterior posterior micromotion. The anterior 
posterior motion is at or below 5 microns in both model and experiment. 
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Figure 30 - Acetabulum without defect superior inferior micromotion. There is 
very good correlation at smaller physiologic loads . 
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Figure 32 - Acetabulum with defect superior inferior micromotion. There is some 
divergence of the graph at loads that are supra physiologic. 

 

A good correlation is noted between the micromotion values for the acetabula without a 

defect. The LVDT sensor has an error of +/- 15 microns. All the superior inferior values are 

within 25 microns up to 800 Newtons and within 50 microns with 1400 Newtons of force (Figure 

30). Five of the 7 data points fall within the tolerance of the sensor. The anterior –posterior 

micromotion shows that the values are within 15 microns up to 1400 Newtons (Figure 31). 

In the case of the acetabulum with a defect the superior inferior values are within 50 

microns up to 800 Newtons (Figure 32).  It is extremely difficult to create an exact defect in the 

model that mirrors the experiment. This is primarily due to difficulty in placing the cup in the 

exact position as in the side without the defect and the difficulty of localizing the defect because 

of scatter in the CT scan. 
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CHAPTER	
   11	
   –	
   Analysis	
   of	
   Various	
   Contacts	
   Conditions	
   and	
   Bonding	
  

between	
  the	
  Cup	
  and	
  Acetabulum	
  Wall	
  

In this thesis research the finite element method (FEM) was used as a tool to analyze the 

effects of fully bonded implant-bone interface assuming total ingrowth of the cup. The bounding 

is described as a varying band with different depth and account for the numbers of nodes are 

assumed bounded within the contact surface. The FE model of the press-fit acetabular 

component incorporates non-linear material and allows the bone to deform in accordance with 

the constraints imposed. The model was loaded with a compressive load coupled with a torque 

similar to the ones induced by the abductor hip muscles. Although the hip is a concentric joint 

with primarily compressive force torque is applied to the cup when the femoral neck impinges on 

the cup at the extremes of motion. Torque is also applied when in the relaxed state and the ball 

and cup become dissociated. Upon reduction the femoral head can impart a moment onto the cup 

before it becomes centered in the acetabulum.  

The initial condition was binding of the eight equatorial bands of nodes which amounted to 

23.1% of the nodes on the inner surface of the acetabulum (Figure 33). 
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Figure 33 - 8 Band (23.1% of nodes constrained). 

 

The bands were then decreased on the rim to 6 bands (16.3% of nodes constrained) and 4 band 

(9.6% of nodes constrained). The bands were decreased on the equatorial (rim) side (Figure 34 

and Figure 35). 
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Figure 34 - 6 Band Inferior (18.6% of nodes constrained). Two bands of nodes at the 
equator are no longer constrained. 

 

Figure 35 - 4 band Inferior (13.5% of nodes constrained). Four bands of nodes at the 
equator are no longer constrained. 

 

Micromotion increased substantially as the number of bands were decreased (Figure 36).  

At 1600 hundred N the peak stresses showed slight differences between the 4 and 8 band 
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construct.  At 3000 N there were significant differences with the 4 band construct showing very 

high peak stresses 160 vs 90MPA (Figure 37 - Figure 40). 

 

 

 

Figure 36 - Micromotion Comparing 4, 6, 8 Bands inferior Constrained. Loss of equatorial 
fixation of the cup increases micromotion. 
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Figure 37 - Peak Stresses MPA 3000 Newtons. A decrease in equatorial fixation is 
associated with an increase in peak stress. 

 

 

Figure 38 - 200 Highest Nodes Average Stresses 3000 Newtons. A decrease in equatorial 
fixation is associated with an increase in peak stress. 
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Figure 39 - Peak Stresses MPA 1600 Newtons. A decrease of 4 bands of fixation in the 
equator is associated with increased peak stress at 1600 Newtons.  

 

 

 

Figure 40 - 200 Highest Nodes Average Stresses 1600 Newtons. 
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In the second scenario the bands were removed from the dome side (Figure 41 and Figure 

42).  There proved to be little micromotion difference between the 6 and 8 band construct, but 

there was a substantial increase in micromotion with the 4 band construct (Figure 43).  At both 

1600 and 3000 N the shear stresses showed a marked increase between 4 and 6 bands (Figure 44 

- Figure 47). 

 Decreasing the number of bands on the equatorial side of the contact surface is analgous 

to the decreased radius cups which are used with a monoblock metal on metal design. These cups 

showed a high incidence of early failure because of a lack of fixation and failure of bone 

ingrowth. In our model the 4 band model failed showed increased instability which may explain 

why in practice these cups failed. 

 

Figure 41 – 6 Band Superior (16.3% of nodes constrained). 2 Bands are removed from the 
dome side of the cup.  

 

 



 

57 
 

CHAPTER 11 – ANALYSIS OF VARIOUS CONTACTS CONDITIONS AND BONDING BETWEEN THE 
CUP AND ACETABULUM WALL 

 

Figure 42 - 4 Band Superior (9.6% of nodes constrained). 4 Bands are removed from the 
dome side of the cup.  

 

 

Figure 43 - Micromotion Comparing 4, 6, 8 Bands Superior Constrained. Removal of 2 
bands has little effect but removal of 4 bands causes a marked increase in micromotion. 
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Figure 44 - Peak Stress MPA 3000 Newtons. Removal of 2 bands shows little change in 
peak stresses but removal of 4 bands causes a significant increase in peak stresses. 

 

 

Figure 45 - 200 Highest Nodes Average Stresses 3000 Newtons. Removal of 2 bands shows 
little change in peak stresses but removal of 4 bands causes a significant increase in peak 

stresses. 
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Figure 46 - Peak Stresses MPA 1600 Newtons. Removal of 2 bands shows little change in 
peak stresses but removal of 4 bands causes a significant increase in peak stresses. 

 

 

Figure 47 - 200 Highest Nodes Average Stresses 3000 Newtons. Removal of 2 bands shows 
little change in peak stresses but removal of 4 bands causes a significant increase in peak 

stresses. 
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CHAPTER	
  12	
  –	
  Investigation	
  of	
  Cup	
  Bone	
  Fixation	
  and	
  Stability	
  vs	
  Defect	
  

Location	
  

The defects have been placed in circumferentially in 45 degree intervals around the 

acetabular rim. The defects are wedged shaped and are roughly 15% of the entire circumference 

(Figure 48).  The constrained nodes are placed in an equatorial arc in an inverted u covering 

about a 270 degree arc (Figure 49). 

The defects can fall outside the arc of constrained nodes as noted in defect 5 (Figure 50), 

can fall at the edge of the arc and are uncontained as in defects 4, 6, 7 (Figure 51) or can be 

completely contained by the arc of constrained nodes defects 1, 2, 3, 8 (Figure 52). 

 

Figure 48 - Position of the Acetabular Defects. Position of Defects 1-8. The defects are 
spaced 45 degrees apart. Defects 1 and 5 are along the primary axis which connects the 
anterior superior iliac spins and the ischium. Defects 3 and 4 are in the anterior column 

and defects 3 and 4 are in the posterior column. Defects 5 and 6 are inferior to the columns. 
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Figure 49 - Constrained Arc of Nodes of Acetabulum Without Defect.  The portion of the 
cup at the acetabular notch is left unconstrained.  

 

 

Figure 50 - Defect 5: The bone defect falls outside (inferior) to the arc of constrained nodes. 
The entire zone of fixation is maintained. 
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Figure 51 - Defect 7: The defect falls at the edge of the arc of constrained nodes and is 
uncontained. The defect is not bridged. 

 

 

Figure 52 - Defect 2: The defect is contained (bridged) by the arc of constrained nodes. 
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The order of stiffness of the construct from most rigid to the one with the most 

micromotion was 1, 5, 2, 6, 8, 4, 3, 7 (Figure 53).  Defects 1 and 2 are superior between the two 

columns and are bridged by the constrained nodes (Figure 54).  Defects 5 and 6 are inferior and 

fall outside either of the columns (Figure 55).  Defects 3 and 4 are in the posterior column ( 

Figure 56).  Defects 7 and 8 are in the anterior column (Figure 57).  The defects exhibiting the 

most micromotion (7, 3, 4 respectively) fall within a column and are not bridged by the 

constrained nodes. 

The peak stresses are generally highest in the defects 3,4,7,8 which are all in either the 

anterior or posterior column (Figure 58 - Figure 61). Defects outside the columns show overall 

lower peak stresses.  

The areas of highest stress concentration are centered around the defect as evidenced by 

Figure 62 and Figure 63.  Defect 1 lies between the two columns and is bridged by the 

constrained nodes of the cup minimizing the development of local stress (Figure 63).  Defect 7 

lies in the anterior column and is not bridged by the constrained nodes of the cup. This shows 

much higher stress centered about the defect (Figure 62). 

A defect as a potential stress riser must be a consideration clinically.  The propagation of 

a crack through a defect if not noticed can lead to a failure of fixation and early implant failure. 
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Figure 53 - The degree of micromotion of the acetabulum without defect and the eight 
defects. The order of stiffness from greatest to least is 1, 5, 2, 6, 8, 4, 3, 7. Defects 7 and 8 

are in the anterior column and defects 3and 4 are in the posterior column.  Defects 7, 3 and 
4 are not bridged. 
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Figure 54 – Results of defects 1 and 2 which are both contained defects. Both defects fall 
outside the anterior or posterior column and are not structural. 

 

Defects 1 and 2 are both contained defects and in both cases the anterior and posterior 

columns are largely intact.  In fact the first defect shows greater stiffness than the intact bone.  
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Figure 55 - Results of defects 3 and 4 which create a structural lesion in the posterior 
column. Both defects are not bridged by constraining nodes. 

 

Defects 3 and 4 create a structural lesion in the posterior column. Both show substantially 

more micromotion than the 1st and second defects.  Defect 4 is unconstrained but lies inferiorly 

almost within the ischium of the weight bearing column which may foster mechanical support 

making it slightly more rigid than the third defect. 
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Defects 5 and 6 show virtually no micromotion increase as compared to the acetabulum 

without a defect.  Both defects lie inferior to the columns of the acetabulum in an area that is 

unconstrained.  
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 Figure 56 - Results of defects 5 and 6. Both defects are inferior to the columns  
and are non structural. 
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Figure 57 - Results of defect 7 and 8. Defects 7 and 8 are in the anterior column and are 
structural. Defect 8 is bridged by constraining nodes. Defect 7 shows the greatest 

micromotion of all defects and is both structural and unbridged by constraining nodes. 

 

Defect 7 has the most micromotion of all the defects. The seventh defect creates a 

structural defect in the anterior column and is not bridged by the arc of constrained nodes.  

Defect 8 also creates a structural defect in the anterior column but is bridged by the arc of 

constrained nodes. 
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Figure 58 - 3000 Newton Peak Stress MPA for defects 1-8. 

 

 

Figure 59 - 3000 Newton 200 Peak Node Average Stress MPA. 
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Figure 60 - 1600 Newtons Peak Stress MPA. 

 

 

 

Figure 61 - 1600 Newton 200 Peak Node Average Stress MPA. 

 

The highest peak stresses tend to be associated with those defects associated with the 

anterior or posterior column. The bar graphs show the peak stress and the average of the highest 
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200 nodes at both 1600 and 3000 Newtons. Defects that are superior or inferior to the columns 

tended to have smaller peak stresses. 

 

Figure 62 - Von Mises stress defect 7 - 3000N. Note highest peak stresses in the area of the 
acetabular defect and in the acetabular columns.  

 

 

Figure 63 - Von Mises Stress defect 1 - 3000N. Note highest peak stresses in the area of the 
acetabular defect and in the acetabular columns.  
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Micromotion measurements as function of load for intact and 8 different defect positions 

are shown in Figure 53. The results show that the load varies linearly as function of micromotion 

displacements measured in all 3 axis. The intact acetabulum without defect (original acetabulum) 

shows a close behavior to a acetabulum with defects 1, 2, 6, 5, and 8 and cause a linear 

deformation transferred to the periphery of the side walls, especially to the acetabular cortical 

rim whereas the subchondral bone is exposed to lower, predominantly meridional (tension) 

stresses.  Defect 3, 4 and 7 show much higher micromotion in excess of 25% greater than the 

intact bone or other defects. Higher loads are true indicators of defect failures as they correspond 

to greater stresses above the normal yielding stress of the bone, hence resulting in loosening and 

complete failure of the cup. 

Defects of the anterior or posterior columns show more micromotion than defects that are 

superior or inferior. Defects 1, 2, 5, and 6 are relatively nonstructural and show minimal 

micromotion.   Defects that are bridged tend to show less micromotion than defects that are 

unconstrained. Unconstrained defects also show local peak stresses much higher than constrained 

defects. This is critical because unconstrained defects are a stress riser that can potentially lead to 

acetabular fracture. 
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CHAPTER	
   13	
   –	
   Investigation	
   of	
   Cup	
   Bone	
   Fixation	
   and	
   Stability	
   versus	
  

Defect	
  Size	
  

The cup stability was evaluated when varying size of bone defects were present.  The 

defect sizes were small (3.9%) medium (7.5%) and large (13%). The percentages are the percent 

of nodes removed divided by the total number of contact nodes on the surface of the acetabulum.  

The position of the bone defect was compared in the second and seventh position (Figure 64).  

The second position is bridged by bound nodes on both sides of the defect. The seventh position 

is not bridged by bound nodes and is inferior.  

 

 

Figure 64 - Position of the Defects. Defects of three sizes were analyzed at position 2 which 
is bridged and position 7 which is unbridged.  
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Figure 65 - Defect Size Small Medium and Large Position 7 Non Bridged. An increase in 
defect size is associated with an increase in micromotion. 
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Figure 66 - Defect Size Small Medium and Large Position 2 Bridged. An increase in defect 
size causes a minimal increase in micromotion  

 A comparison of the micromotion shows that there is very little difference in the 

micromotion of the bridged defects even when the defect is almost quadrupled in size (Figure 

65).  The nonbridged shows significant increases in micromotion associated with an increase of 

defect size (Figure 66). 

 The importance of this is clear in acetabular reconstruction.  Defect size and location 

must both be considered when placing an acetabular cup. The prosthesis must if possible bridge 

and be fixed across defects.  An unbridged defect can increase cup micromotion leading to 

possible instability.  Defects that cannot be bridged by the cup can be bridged by using screws or 

an external plate.  The plate can be placed to stabilize the defect prior to placement of the cup. 
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CHAPTER	
  14	
  –	
  Discussion	
  

An evaluation performed of the equatorial bonding of the cup showed that a decrease of 

the constrained surface can increase cup instability under physiologic loads and possibly lead to 

cup loosening [70] [71] [72] [73] [74] [75].  Several manufacturers have previously introduced 

metal on metal cementless cups that had decreased radii. The manufacturers were concerned 

about metal wear associated with the impingement of the metal prosthetic neck on the rim 

causing fretting and decreased the radius of the cups.  The decreased radius cups were introduced 

worldwide (Figure 67). 

Two issues arose with these cups. First, a significant number of the cups were showing 

premature unexpected loosening in the first 24 months after implantation.  The second issue was 

metal debris causing a soft tissue reaction associated with global tissue destruction. 

The early loosening associated with failure of these cups is probably due to poor initial 

fixation. The decreased radius cup is analogous to the first scenario of the first experiment 

(Figure 67). 

In this design we would expect friction to be greatest equatorially (Figure 25).  There is 

some elastic deformation to the bone and this would be expected to cause the cup to recoil losing 

contact at the dome.  Decreasing the area of equatorial contact decreases stability of the cup 

especially to torque.  Early micromotion of the cup can preclude bone ingrowth and cause the 

cup to loosen prematurely.  

The dual radius cup also has a decreased equatorial contact area. Our experiments show 

that a moderate decrease in bonding contact on the dome side of the equator has little effect on 

cup stability [77].  However larger decreases can cause a substantial decrease in cup stability.  
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Figure 67 - Decreased radius cup shows decreased equatorial contact. The cup is “cut 
back” on the equator to diminish impingement of the femoral neck.  

 

Defects of the acetabulum can have different effects on cup stability.  The size of defect 

alone is not sufficient to judge the import of a bone deficiency. In our experiment defects the size 

of defect made little difference when the defect was outside the anterior or posterior column and 

bridged by constraining nodes.  However when the defect was placed in a column and not 

bridged by constraining nodes enlargement of the defect was associated with an increase in cup 

stability.    

The third experiment demonstrated that the location of the defect is critical to cup 

stability. The cementless cup is “wedged” between the anterior columns of the acetabulum. 

Defects that fall out of the columns both superiorly or inferiorly do not have a substantial effect 

on cup stability. Defects of the columns themselves tend to be unstable. In scenarios where there 
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is a lack of support in the anterior or posterior column it behooves the surgeon to use an 

adjunctive form of fixation such as screws, a custom made flanged cup, or a cup cage construct. 

The experiment attempted to mimic the initial condition of implant placement. Clearly 

the in vivo implant interface has a combination of elastic plastic deformation that is difficult to 

model. Also this model only looks at the initial condition after implantation.  Several authors 

have attempted to model the bone changes at the interface that are associated with bone 

modeling [78]. 

Finite element has been used on a patient specific basis to correct femoral deformity and 

deformity of the hip joint [79].  In the future finite element may be used to optimize hip revision 

in cases of severe bone loss.  
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CHAPTER 15 – Conclusion 

The acetabular cup is surrounded by the anterior and posterior columns and the superior 

dome of the acetabulum. Cup stability is fostered by the anterior and posterior columns. The 

portion of the acetabulum inferior to the columns is nonstructural Defects of the acetabular rim 

in the anterior and posterior columns tend to have a destabilizing effect on the micromotion of 

the acetabulum. These defects have been termed structural defects. Defects that are straight 

superior or inferior have much less of an effect on destabilizing the acetabulum.   

Defects in the columns permit more micromotion of the cup in relation to the bone. This 

micromotion is critical because in vivo increased micromotion can preclude the ingrowth of bone 

into a cup. Although in our model the cup is bound about the equator, in vivo a lack of ingrowth 

will eventually permit complete loosening of the cup. This is then associated with large 

displacement of the cup and pain. This is treated surgically with cup revision.  

Bridged defects where the cup is fixed on either side of the defect are more stable than 

defects where the cup is only fixed to one side of the defect. Increasing defect size generally 

increases the micromotion of the cup. This effect is much more apparent in non- bridged than in 

bridged defects. 

When loading an acetabular cup with a bone defect, peak stresses tend to occur at the site 

of the bone defect. This effect is again magnified in defects that are not bridged by the cup. The 

unbridged defect can act a stress riser potentially leading to an acetabular fracture. In the 

scenario of a defect in general the surgeon must avoid high impact forces. The surgeon can also 

consider stabilizing an unbridged defect with a plate and screws, or screws alone placed through 

holes in the cup.  
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Initial fixation of a cementless cup is primarily at the rim of the cup.  Decrease radius 

cups have been designed to decrease femoral neck impingement. In the case of a metal on metal 

cup impingement of the metal femoral neck can cause significant wear and metallosis. An 

unexpected result is the decrease in rim contact area. In our model this has lead to increased 

micromotion that can threaten cup stability. This is reflected in the clinical finding that decreased 

radius monoblock cups have a relatively high failure rate due to loss of initial fixation. 

Dual radius cups have a greater radius at the equator of the cup than at the dome. 

Fundamentally the reaming is performed to the radius of the dome so that upon insertion the 

equator is underreamed.  Our model demonstrated that decreasing the equatorial portion could 

also be associated with increased micromotion.  

Modeling of the cup bone interface of an acetabulum that is to be reconstructed can 

provide the surgeon with valuable information on the structural stability of the construct.  Further 

refinement of this technique will allow the surgeon to mechanically optimize the proposed 

construct prior to performing the actual surgery. 
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