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Abstract 

The evaluation of Total Hip Arthroplasty (THA) outcome is difficult and invasive 

methods are often applied. Fluoroscopy has been used as an in vivo diagnostic 

technique to determine separation which may lead to vibration propagation and audible 

interactions.  The objective of this study was to develop a new, non-invasive technique 

of digitally capturing vibration and sound emissions at the hip joint interface and to 

correlate those with the hip kinematics derived from fluoroscopy. Additionally, an 

examination of the role of hip mechanics on walking performance in THA subjects of 

various bearings surfaces was performed.  

In vivo kinematics, kinetics, corresponding vibration and sound measurements of 

THA were analyzed post-operatively using video-fluoroscopy, mathematical modeling, 

sound sensors and accelerometers during gait on a treadmill. Twenty-seven subjects 

(31 hips) with a metal-on-metal, metal-on-polyethylene, ceramic-on-ceramic, ceramic-

on-polyethylene or metal-on-metal polyethylene-sandwich THA were analyzed. A data 

acquisition system was used to amplify the signal and filter out associated frequencies 

attributed to noise. The sound measurements were correlated to in vivo kinematics. A 

mathematical model of the human extremity was derived to determine in vivo bearing 

and soft-tissue forces.    

For all bearings a distinct correlation of a high frequency sound occurring at the 

time when the femoral head slides back into the acetabular component was observed. 

Subjects having a hard-on-hard bearing seemed to attenuate a squeaking and/or 



 

Abstract  vii 

impacting sound, while those having polyethylene liner only revealed a knocking sound 

attributed to impact loading conditions.  

For the first time, audible effects can be derived in vivo and the examined 

correlation brings valuable insight into the hip joint performance in an inexpensive and 

non-invasive manner. This research may allow for a further correlation to be derived 

between sound and different types of failure mechanisms. Results from this study will 

give surgeons and engineers a better understanding of in vivo mechanics of the hip joint 

and this way improve the quality of life of THA patients. In addition, the developed 

technique builds the first milestone in the design and implementation of a cost effective, 

non-invasive diagnostic technique which has the potential to become a routine 

diagnosis of joint conditions.     
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Chapter 1  

Introduction and Previous Work 

Total hip arthroplasty (THA) has revolutionized the treatment of degenerative 

joint diseases, namely osteoarthritis (OA), in hips. The procedure restores the physical 

functioning of the hip and reduces pain in most patients, thus improving their social 

wellbeing and quality of life (Laupacis et al. 1993). THA has been developed steadily 

over the past 40 years and is now a very effective procedure preformed routinely in the 

U.S.  Studies have yielded excellent results for all surgical approaches including the 

anterolateral, lateral, posterolateral, and transtrochanteric approach (Wright et al., 

2004). 

THA is often a result of extreme osteoarthritis (OA) involving replacement of the 

proximal femur and the acetabulum of the pelvis. OA is a common bone-joint disease 

caused by the breakdown of articulating cartilage and is generally a consequence of 

wear, tear, aging or injury to the joints and affects the ability to perform daily activities 

more than any other disease (AAOS, 2004). In the United States the incidence of OA 

are estimated to be up to 90% of the population over age of 40 (Jordon et al., 2000).  

More than 200,000 THA procedures are performed yearly in the U.S, reporting 

an 80% success rate at 20 years (AAOS, 2008; JISRF, 2008, Berry et al., 2002a). 

Currently, improved patient outcomes can be attributed to ongoing improvements in 
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implant design, surgical technique, fixation methods, prophylactic therapies, 

preadmission education, and rehabilitation (Mardones et al., 2005).  

1.1 Different Bearing Surfaces for THA 

Numerous bearing surfaces for hip arthroplasties are currently in use in attempts 

to maximize the longevity of the implants.  One goal of having alternative articulation 

surfaces is to reduce periprosthetic osteolysis, which is a biological response to foreign 

particles generated by the corrosion and wear of the implant, oftentimes leading to 

aseptic loosening (Archibeck et al., 2000).  One major cause of osteolysis and joint 

instability is the response of macrophages to polyethylene wear particles, which occurs 

rapidly in physically active patients (Learmonth et al., 2007; Wagner and Wagner, 

2000).  Cross-linked ultra-high-molecular-weight polyethylene has been developed in 

attempts to reduce this problem, as its use may result in a decreased generation of 

debris particles. However, long term studies on this material have not been completed, 

so fracture toughness and ultimate strength could prove to be problematic if used in 

younger and more active patients (Learmonth et al., 2007; Garino and Vannozzi, 2006).  

Polyethylene is used in combination with metal and ceramic, with ceramic-on-

polyethylene (COP) implants exhibiting smaller wear rates when compared to metal-on-

polyethylene (MOP) implants, although no significant decrease in revision rate has been 

associated with COP use (Archibeck et al., 2000). 

Hard-on-hard bearings have been studied as alternatives to polyethylene in 

attempts to minimize wear particles.  Metal-on-metal (MOM) and ceramic-on-ceramic 
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(COC) bearings are often implanted in younger and/or more active patients because of 

their low wear rates (Garino, 2004).  Metal bearings may produce metal alloy and 

corrosion particles, thus leading to periprosthetic osteolysis, aseptic loosening, and 

metal allergy and hypersensitivity (Archibeck et al., 2000; Garino and Vannozzi, 2006).  

It has also been shown clinically that metal-on-metal (MOM) bearings perform equally 

well when compared to metal-on-polyethylene (MOP) bearings (Wagner and Wagner, 

2000).  Ceramic-on-ceramic (COC) bearings have the lowest wear rates of any of the 

articulation combinations. Combined with the biologically inert nature of the ceramic, 

wear and osteolysis are nearly nonexistent with the currently implanted materials 

(Garino, 2004; Boutin et al.; 1988, Garino and Vannozzi, 2006).  It has also been 

previously determined that MOP and COP THA exhibit larger average separation during 

abduction-adduction motion than COC implants (Dennis et al., 2006).  The large 

separation values observed with MOP articulations could lead to premature 

polyethylene wear and implant loosening (Dennis et al., 2006).  Further, the low 

separation values observed with COC implants could suggest an advantage with their 

use.   

A variety of THA implant bearings provide surgeons with the opportunity to offer 

more specialized treatment tailored to the needs of each patient; however, insufficient 

objective studies currently inhibit surgeons from making optimal bearing combination 

selections. An in deep analysis and comparison of different bearings with respect to 

kinematics, kinetics, vibration and sound, has not be performed so far. However, better 
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understanding of the performance of the different implants may help develop and 

optimize such bearings for an improved performance and longevity.   

1.2 Femoral Head Separation 

In the normal hip joint, retention of the femoral head within the acetabulum is 

provided by numerous supporting soft tissue structures, including the fibrous capsule, 

acetabular labrum, ligament of the head of the femur (LHF), and the iliofemoral, 

ischiofemoral, pubofemoral, and transverse acetabular ligaments.  During THA, the LHF 

is surgically removed and a portion of the remaining supporting soft tissue structures 

are transected or resected to facilitate surgical exposure.  It is logical to assume that the 

kinematics of the implanted hip will be altered when compared to those of the normal 

hip, since the stabilizing soft tissues structures are distorted at the time of operation.  

Previous fluoroscopic studies have shown that the femoral head may separate from the 

medial aspect of the acetabular component during both gait and when performing an 

active hip abduction-adduction activity (Dennis et al., 2001; Komistek et al., 2002; 

Lombardi at al., 2000). 

Hip joint sliding of the femoral head within the acetabular cup is potentially 

detrimental and may cause premature polyethylene wear, prosthetic loosening and 

instability. In a previous study analyzing subjects while performing a hip 

abduction/adduction maneuver, femoral head sliding from the acetabulum was not 

observed in subjects with normal hip joints, but occurred in all subjects implanted with an 

unconstrained metal-on-polyethylene THA (Northcut, 1998).  
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Hip separation or femoral head sliding within the acetabular cup is the 

occurrence of the femoral head component sliding away from the center of the 

acetabular shell component in the supero-lateral direction, while contact between the 

femoral head and the acetabular cup remains in the supero-lateral area of the 

polyethylene liner. The design objective for THA is that the adjoining circular surfaces 

remain in contact and that concentric motion is evident throughout all weight-bearing 

activities at the hip joint. In the case of femoral head separation, a small space is 

created between the two surfaces allowing the implant to slide out of its concentric 

boundary. Previous studies measured separation during swing phase of gait, 

ab/adduction activity, and a leg drop motion - during this activity the subject stands on a 

platform and simply lets one leg dangle (Lombardi et al., 2000; Dennis et al., 2001, 

Komistek et al., 2001). 

The presence of femoral head sliding found in those previous analyses may 

contribute to premature polyethylene wear because of the increased amount of shear 

force on the polyethylene material during impulse loading cycles.  The impulse generated 

by the collision of two objects has been shown to potentially compromise the structural 

integrity of mechanical components (Seireg et al., 1973).  A simplified kinetic analysis 

indicated a predicted average increase in hip forces of 289.5 N due to femoral head sliding 

and secondarily due to the development of impulse loading conditions (Northcut et al., 

1998). These increased loads compromise implant fixation, resulting in premature 

component loosening.  Additionally, during sliding, the femoral head often remains in 

contact and pivots on the polyethylene liner superolaterally, increasing wear in this region. 
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The impact conditions can also lead to a vibration response of the materials, which can 

be a significant cause of implant loosening. 

Separation may be a major contributor to implant loosening and wear, but a 

further understanding of the effects of hip separation and the causes of its occurrence 

has not been previously studied or determined. In this study, a novel method for 

determining separation has been developed, allowing for an easier, non invasive 

approach to determine separation which may lead to the cause for it‘s occurrence and 

help it’s prevention. 

1.3 Hip Squeaking 

Fluoroscopy has proven to be an accurate methodology for determining in vivo 

motions (Dennis et al., 1996) and enabling the extraction of accurate three-dimensional 

(3D) joint kinematics unaffected by erroneous skin movements (Dennis et al., 1996; 

McCoy e al., 1977).  Previously, fluoroscopy has been used to determine that the 

femoral head in THA slides within the acetabular cup, leading to separation of certain 

aspects of the articular geometry (Northcut, 1998; Dennis et al., 2001; Komistek et al., 

2002).  This finding has often been referred to as hip separation, where there is a loss 

of contact area, leaving only an edge contact. Another interesting phenomenon 

observed primarily in THA patients is the presence of squeaking (Glaser et al., 2008). 

Mismatched ceramic couples (Morlok et al., 2001), acetabular component malpostion 

(Walter et al., 2006) and impingement (Eickmann et al., 2003) have been proposed as 

factors in the development of squeaking. However, not all cases of mismatched and 
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malpositioned components lead to squeaking. Additionally, squeaking has been 

observed in properly matched and positioned implants and when no evidence of neck to 

rim impingement is present (Walter et al., 2006; Jarett et al., 2003; Rothman, 2006).  

Audible squeaking of a hip replacement remains, therefore, a still unexplained 

phenomenon. The sliding motion within the acetabular cup, causing a THA to resemble 

a “ball and socket” joint, would lead to the induction of vibration propagation across the 

femoral head/acetabular cup interface, possibly leading to audible interactions.  It is 

further hypothesize that the “squeaking” sound mainly occurred in ceramic-on-ceramic 

THA, quite possibly due to femoral head separation. 

Therefore, fluoroscopy can provide the opportunity to correlate sound and 

vibration with 3D movement, extract contact positions and localize potential sound 

sources. This movement of the femoral head from the acetabular component and the 

impact conditions generated from sliding of this mechanism can be a source for 

acoustic emission observed in THAs (Glaser et al., 2008). Further, this method may 

allow for answering some important questions: 

- Is sound dependent upon the bearing? 

- Are acoustics generated through all bearings? 

- Is sound an indication for potential hip failure? 

- Can a sound analysis be successfully employed to predict THA failure modes, 

early post-operative? 
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1.4 Implant Loosening 

Despite the success of THA procedures there are still instances of failure. The 

major complications following total hip replacement that require revision are implant 

loosening (Garca-Cimbrelo et al., 1997; Ilchmann, 1997; Numair et al., 1997; Taylor et 

al., 1997), dislocation, instability, fracture and infection  (Fiedler and O’Brien, 2003) as 

well as premature polyethylene wear (Bono et al., 1994; Gross et al., 1997). Recently, 

studies also found that separation between the acetabulum cup and the femoral head 

does occur, which may also play a role in complications observed with THA today.  

One of the most serious of these common complications is loosening. In a 10 

year, post surgery follow-up study, it was estimated that up to 7% and 29% of THA 

femoral and acetabular components, respectively, become loose (Christie et al., 2000; 

Georgiou and Cunningham, 2001). While septic loosening is caused by an infection at 

the tissue surrounding the hip replacement, aseptic loosening is a reaction to many 

other factors, known and unknown. Some of the investigated reasons are foreign body 

reaction to wear particles, body enzymes, and sensitivity to implant motions (Lombardi 

et al., 1989; Archibeck et al., 2000; Krischak et al., 2003) as well as biomechanical 

properties of the bone and the amount of bone in contact with the implant (Meredith et 

al., 1997). Lack of bony in-growth on the porous implant surfaces, mechanical 

properties of the implants, surface finish, bone loss and possible surgeon error may also 

lead to implant loosening (Engh et al., 1992; Mohler et al., 1995; Rokkum et al., 1999; 

Nixon et al., 2007).  
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Since the incidence of aseptic loosening in THA is reported to be as high as 14% 

in the US (Sharp et al., 1985), a better understanding of the reasons of its occurrence 

and more effective methods for determination of loosening are required.  One possible 

source of loosening that has not been investigated as of yet is the effect of vibration 

propagating through bones and implant components. The novel technique of using 

sound and vibration may help identify new possibilities for evaluating failure modes such 

as implant loosening.  

1.5 Diagnostic Techniques 

The assessment of hip joint performance and clinical outcome for subjects 

following THA is of great importance for surgeons, orthopaedic industry and 

researchers. Countless previous studies focused on the evaluation of component 

outcomes (Learmonth et al., 2007; Kearns et al., 2006; Parvizi et al., 2004; Isaac et al., 

2007; Gruber et al., 2007; Arbuthnot et al., 2007), and enormous amounts of time and 

money have been invested in researching methods to improve implant design and 

performance of replacement joints (Bill et al., 2007). In most cases, the comparison and 

performance evaluations are based on questionnaires, clinical examination, and static 

radiographic review (Swanson and Hanna, 2003). Previous gait analyses of subjects 

implanted with THA have focused on external hip joint angles and the time-distance 

parameters of speed, stride length, single leg stance time and cadence (Fiedler et al., 

2006; Pagnano et al., 2007; Sirianni et al., 2007). Fluoroscopic studies confirmed that 

the femoral head slides away from the acetabular component during gait and when 
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performing a hip abduction/adduction activity. This is often referred to as hip separation, 

where there is a loss of area contact, leaving only a line contact (Northcut et al., 1998; 

Dennis et al., 2001; Komistek et al., 2002). 

In the improvement of implantable joints and in the assessment of the 

applicability of new materials, the development of replicable, easy to implement, and 

non-invasive techniques is required to facilitate the reliable analysis and evaluation of 

joint performance and clinical outcomes.  In the field of arthroplasty, which primary 

deals with complications related to post-operative pain, material wear, implant loosening 

and failure, as well as the overall functional and radiological outcome of the implanted 

joint, diagnosis is often difficult without the aid of invasive investigation methods 

(Kernohan and Mollan et al., 1982) and relies heavily on the use of diagnostic imaging 

techniques. In the case of severe pain, malalignment of arthroplasty components, 

implant dislocation or advanced loosening, the diagnosed joints can be examined using 

X-ray, computed tomography (CT), diagnostic ultrasound or Magnetic Resonance 

Imaging (MRI) examination (National Guideline Clearinghouse, 2000; Radke et al., 

2004; Blendea et al., 2005; Eisler et l., 2001). However, these methods may not be 

sufficient for early detection of functional disorders or premature implant loosening 

(Kernohan and Mollan, 1982; Eisler et al., 2001). Additionally, these images provide a 

view of the structure in static conditions, without reporting information pertaining to the 

implant’s mechanical and dynamical characteristics.  
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Therefore, a new non-invasive technique of digitally capturing hip joint vibration 

and sound emission has been developed for evaluation of hip performance and 

diagnosis of femoral head sliding of THA in the acetabular cup. 

1.6 Acoustic Analysis 

Concerns related to evaluation of implants under invasive conditions and the 

limitations of imaging techniques have led to the development of alternative tools for 

implant assessment. Attempts to improve implant evaluation techniques began as early 

as 1902 when Blodgett examined knee sounds using a stethoscope (Blodgett, 1902). 

He reported knee sounds to be variable in different subjects and a louder sound 

seemed to occur with increasing age of the patient. His methods, as well as those of 

Bircher (Bircher, 1913), who correlated sound with the type of injury, and Walters 

(Walters, 1929), who found certain acoustic emission before any other symptoms were 

apparent, are subjectively recorded and evaluated without the aid of an objective signal 

analysis. 

Erb (Erb, 1933) first succeeded to record sounds in graphical form, which opened 

new possibilities for analyzing sounds in a repeatable manner and in much greater 

detail. Since then, significant development of data-acquisition systems and signal 

processing techniques (Chu et al., 1978; Huang et al., 2000; Inoue et al., 1986; 

Jaecques et al., 2004; McCoy et al., 1987; Nagata, 1988; Reddy et al., 1995; Tavathia 

et al., 1992; Zhang et al., 1994), and adaptive cancellation of muscle interference from 

the vibration signal (Zhang et al., 1994) has been made. 
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Early sound emission research has concentrated on the analysis of the knee joint 

because of the easier access, less muscle and soft tissue and the complementary 

reduced noise components. Huang (Huang et al., 2000) created a data acquisition 

system of microphones installed in the tubes of two stethoscopes to measure the 

discrepancy and the degree of linear relationship between both hip joints. His findings 

were made under non-weight bearing conditions using a vibratory force applied to the 

sacrum and were limited to 8 fixed frequencies. Computational techniques, such as the 

finite element methods (FEM), became available and popular for performing vibration 

analyses (Jaecques et al., 2004). Those methods provide possibilities of having an 

overview not only of the resonant frequencies but also of their modal shapes. However, 

FEM analysis is based on many assumptions pertaining to boundary conditions, bone 

properties, soft-tissue masses and muscle contributions. Those assumptions strongly 

influence the system’s vibration and can change the natural frequency of the system 

under evaluation. It has been also shown that implant loosening can be detected 

through the change in the frequency content (Collier et al., 1993; Jaecques et al., 2004), 

but no known in vivo studies on the implanted hip joint have been conducted to identify 

the frequencies across the hip joint during weight bearing activities. Therefore, these 

previous techniques are not suitable for in vivo, subject-specific evaluation of joint 

conditions and provide only a reference for result verification.   

In summary, intensive research has been conducted to assess knee sounds and 

frequencies, but most have failed to interpret and correlate results with a high degree of 

accuracy. Previous studies have been performed using microphones with or without 
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stethoscope equipment; however, it has been shown that microphones cannot reliably 

detect joint frequencies, especially those experiencing strong interference from noise 

(Mollan et al., 1982), and the signal clearance can be substantially influenced by skin 

friction. Very few studies have focused on the hip joint because of the additional 

challenges pertaining to the increased soft tissue material and muscle activities. Those 

studies were also performed in vitro, under non-weight bearing conditions or by applying 

FEM techniques. Diagnostic accuracy has not been reliably proven so that no 

applicable clinical tool is available as of today (Kernohan and Mollan, 1982).  

The failure associated with the interpretation of the sound emission and possible 

reasons for occurrence may directly be attributed to the complicity of the sound signal, 

the unknown noise factors and unknown sound center - the location from which the 

sound originates. Implementation of joint movement visualization to the measurement of 

acoustic emission can help to properly localize the exact sound center and the causes 

for its occurrence. For this reason, a synchronous recording of sound and fluoroscopy 

may help to interpret and analyze the signal components. 

1.7 Vibration Analysis 

Mechanical vibration analysis is often used by mechanical engineers to inspect 

structural integrity, and it possibly can be applied to determine bone mechanical 

properties, monitor fracture healing and in vivo assessment of mechanical properties of 

bones (Lowet et al., 1993; Lowet et al., 1996; Van Der Perre and Lowet, 1996). 
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A limited number of experiments pertained to the possibility of correlating implant 

loosening with vibration analysis during in vitro as well as in vivo conditions (Georgiou et 

al., 2001; Van Der Perre, 1984; Rosenstein et al., Collier et al., 1993; Li et al., 1995; Li 

et al., 1996).  In most cases vibration is applied to the femur in the medio-lateral plane 

with frequencies up to 1000-1200 Hz. 

Previous studies have been performed to investigate the vibratory properties of 

long bones leading to a huge variety in resonance frequency. This shows the complexity 

of the present problem to find and identify resonant frequencies of the femur and pelvis. 

A shaker method has been applied to find the resonance of an excised human 

normal (220-375 Hz) and securely implanted (230-325 Hz) femur (Rosenstein et al., 

1989). Another study has shown that the femoral frequencies varied with removal of a 

bone from the neck, of the femoral head, and with the re-attachment of the femoral 

head (Campbell and Jurist, 1971). As expected the frequencies of the intact femur 

where the largest, but for all test the frequency was determined to be between 750 and 

800 Hz. In another study that applied the same technology, a variation of the femoral 

frequency between 138 and 177 Hz was found (Thomas et al., 1991) and the 

conclusion was that the axial compression may affect the stiffness of bone and with it 

affect the resonant frequency. The femur tested under THA conditions revealed no 

resonance peaks.  

The impulse response method is also used to find resonances of the femur but 

mainly under in vitro conditions. The frequencies found with those studies ranged from 
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250-880 Hz (Khalil et al., 1981) and 200-930 Hz and 280-830 Hz for normal and 

implanted experimental frequencies, respectively (Couteau et al., 1998 1, 2). A 

comparison between experimental femoral resonance frequencies found from impact 

hammer testing and a finite element model (FEM) of the femur results revealed similar 

numerical results for normal and implanted femur, 290-925 Hz and 265-780 Hz, 

respectively (Couteau et al., 1998 1, 2). Another FEM study (Jaecques et al., 2004) 

performed for well cemented, only cemented in the distal region of the stem and 

“clinically mobile” femur resulted in 300 Hz for the 1st bending mode, 600 (730) Hz for 

the torsional intact (well cemented) mode and 850-1000 Hz for the 2nd bending mode. 

The conclusion was made that in the frequency range of the lower vibration modes 

(below 1000 Hz) the resonance frequency change between intact and well cemented 

bone is below 50 Hz except for the torsional mode. They also found that the prosthetic 

vibration modes are in the range of above 2 KHz. Similarly, a different FEM study 

reported femoral resonant frequencies in the range of 285 Hz to 710 Hz (Taylor et al., 

2002).  

The variety of the results indicates the complexity of the present problem. Most of 

the studies were conducted under in vitro or during non-weight bearing conditions, but 

since the behavior of a mechanical system changes with the constraints, the results 

may be very different when the bone is in its natural environment surrounded by 

muscles, ligaments, tendons, skin and fat. Some reports show that skin and other soft 

tissues can dampen out long bone vibration (Nokes, et al., 1984; Nakatsuchi, et al., 

1996), while others predict that those have only a modest affect (Tsuchikane, et al., 
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1995). It still must be determined if the frequencies are affected, but those concerns do 

not seem to influence the ability to take acceleration measurements (Rosenstein et al., 

1989; Nokes, et al., 1988).  

The factors mentioned so far as well as many different others such as stiffness, 

mass, dimensions, material properties etc. effect the natural frequency of mechanical 

structures. However, bones with or without implants act similarly regarding physiological 

factors affecting their properties. For example, frequencies of fractured bones will 

increase when the bone heals since the stiffness will increase (Markey et al., 1974; 

Huang et al, 2003, Mollan et al., 1982) and similarly osteoporosis, diabetes and aging 

influence frequencies in the opposite direction (Jurist, 1970a; Jurist and Cameron, 1969; 

Jurist, 1970b). Increases in mass, such as those from the muscles, influence resonant 

frequencies (Denecker and Moberg, 1968), and the frequency can gradually increase by 

removing muscles from the joint (Tsuchikane, et al., 1995). On the other side, muscles 

can also create tension and stiffen the joint (Van Der Perre, et al., 1996). 

Not only system properties but also experimental setup can have an affect on the 

measured frequencies. The measurement of resonant real-time frequencies may lead to 

different results than those obtained using a subsequent FFT analysis of collected 

acceleration data (Nokes, et al., 1984). Propagated frequencies are transmitted 

unchanged over the whole structure and only the amplitude should be different. 

Accelerometer placement should therefore not have influence on the measured 

frequencies, since those don’t change with the location. Nevertheless, there is a dispute 

regarding this variation factor (Christensen, 1982). Because of differences in the human 
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body structure, health as well as muscle characteristics and stiffness some researchers 

found significant differences between diverse people (Rosenstein, et al., 1989). 

Additionally, implant geometry and fixation affect the structural vibration (Nokes, et al., 

1984; Lowet, et al., 1993) and implant loosening has a significant affect on the 

measured frequency (Li, et al., 1996; Rosenstein et al., 1989). Bones with and without 

implants have also been shown to significantly change the natural frequency 

(Rosenstein, et al., 1989; Couteau and Hobatho, 1998). 

Many studies have reported the occurrence of separation of the femoral head 

from the acetabular cup during gait, and it has been hypothesized that the resulting 

impact from the components coming back together causes impulse generation. The 

impact resulting from component collision can result in energy dissipation through 

vibration, which if coincided with the free, natural frequency of the system, could result 

in resonance. The subsequent amplified oscillations could reach dangerous magnitudes 

that could potentially damage the system. Furthermore, if vibration from component 

impact during gait causes resonance within the hip joint, damage to either the implant 

components or to the bone may occur. One of the most accurate methods would be to 

place the accelerometers directly on the bone or implant, which will eliminate the error 

due to soft tissue effects. This was done in vitro (Thomas et al., 1991) and in vivo 

(Rubin et al., 2003) by placing an accelerometer directly on the bone using a needle. 

Because of the invasive nature of this procedure, this test cannot be carried out for 

many subjects and it will not become a standard procedure for detecting implant 

loosening, bone fracture, implant failure or separation. 
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The present study shall give the option to capture vibrations with devices 

externally attached to the subject, but more importantly synchronize the readings with 

joint motions and evaluate further applicability of this technique. 

1.8 Hip Kinetics 

Only few studies, primary pertaining to stability, have included additional muscle 

forces (Burke et al., 1991; Callaghan et al., 1992). In these studies, however, muscle 

and joint contact forces were treated as mechanically independent parameters, and the 

interdependence between muscle activity and joint contact forces (Winter, 1990) was 

not considered. Musculoskeletal loading conditions at the hip are determined by the 

joint contact force as well as twenty different muscles surrounding the joint (Pedersen et 

al., 1997). Although there is strong evidence that muscles are major contributors to 

femoral loading (Rohlmann et al., 1982; Lu et al., 1997; Duda et al., 1998), the muscle 

forces acting in vivo are hardly accessible. Computer models have been used to predict 

the musculoskeletal loading conditions in the past (Seireg and Arvikar, 1975; Brand et 

al., 1986; Komistek et al., 1994; Glitsch and Baumann, 1997; Pedersen et al., 1997; 

Komistek et al., 1998), but the validation of the results against in vivo data remains a 

difficult issue (Brand et al., 1994). 

Due to a lack of appropriate muscle force data, less complex loading conditions 

tend to be considered in vitro. One of the goals of this study was to develop a load 

profile that better simulates the in vivo loading conditions of total hip replacement 

patients and at the same time considers the relationship between muscle and joint 
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forces. The development of the load profile was based on a computer model using 

inverse dynamics of the lower extremities that has to be validated against in vivo data. 

This model was simplified by grouping functionally similar hip muscles and allowed for 

determination of muscle and joint contact forces throughout gait. The developed model 

was used in further research to evaluate the loading conditions in patients with different 

bearing surfaces. To evaluate the functionality of the developed model the hip contact 

forces for example patients were calculated and compared to the average of the in vivo 

measured forces produced by Bergmann’s telemetric hip data (Bergmann et al., 2001; 

Heller et al., 2005). The final derived load profile included the forces of the rectus 

femoris muscle during walking and the ligament capsule around the hip. 

No known research has been performed to evaluate the kinematics and kinetics 

of subjects with different bearings THAs during in-vivo, weight-bearing activities. 

However, such a comparison is useful in identifying the variance and success of the 

subjects’ performance after THA. For example, altered hip loading during weight-

bearing activities may result in increased contact and muscle forces, leading to 

increased separation combined with pain and accelerated wear. Thus, it is logical to 

assume that gait mechanics would demonstrate a stronger correlation and serve as a 

better method in the evaluation of THA performance, when compared to other variables 

previously studied. However, the literature lacks well-designed studies that provide 

objective comparison of different bearing THAs in major parameters such as kinematics 

and kinetics. For that reason, the purpose of this study was to examine the role of hip 
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kinematics and kinetics on walking performance in subjects after THA and to compare 

the effectiveness of the various bearings. 

1.9 Ground Reaction Forces 

Total hip arthroplasty (THA) has revolutionized the treatment of degenerative 

joint diseases, namely osteoarthritis.  The procedure restores the physical functionality 

of the hip and reduces pain in most patients, thus improving their social wellbeing and 

quality of life (Laupacis et al., 1993).  It has been shown that while there is often 

significant improvement following THA within six months, normal functioning does not 

return within two years postoperatively (Murray et al., 1975; Murray et al., 1976; Brown 

et al., 1981, Long et al., 1993).  The abnormal gait during this period places unnatural 

stress on the unaffected leg, which may lead to the subsequent development of 

osteoarthritis (Arsever et al., 1996, Dekel et al., 1978, Radin et al., 1978; McCrory et al., 

2001).    

Although commonly utilized patient questionnaires are valuable for evaluating 

patients’ satisfaction with their implants and often offer important information about the 

functioning of the prosthesis, no objective analysis of the implant performance can be 

accomplished.  Ground reaction forces (GRF) have been extensively used to quantify 

and analyze the loading of the hip joint during gait in patients with and without implants 

(Brown et al., 1981, McCrory et al., 2001; Paul, 1996; Giakas and Baltzopoulos, 1997; 

Leuchte et al., 2007, Murray et al., 1976).  The validity of using these forces for analysis 

has also been established by the significant correlation of the GRF maximum forces 
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generated and the loading rate with the same variables measured with instrumented 

implants (Bassey et al., 1997, Park et al., 1999).    

Ground reaction forces have been shown to differ in the affected limb of patients 

who have undergone THA when compared to normal gait (Giakas and Baltzopoulos, 

1997, McCrory et al., 2001).  The affected hip joint has been shown to exhibit lower 

peak forces in comparison to normal gait, leaving the unaffected hip joint to sustain 

higher peak forces. This unbalance persists for at least two years postoperatively 

(Giakas and Baltzopoulos, 1997, Bassey et al., 1997, McCrory] et al., 2001).  It has also 

been found that the loading rate is significantly greater in the implanted leg than in a 

healthy control group (McCrory et al., 2001).  This identification of abnormal gait 

characteristics is important in the evaluation of the implant performance. 

Ground reaction forces are implemented in the study in two different ways. GRF 

synchronized with kinematics derived from fluoroscopy in the time domain are 

necessary for implementation in the inverse dynamic mathematical model to derive joint 

kinetics. Another application for GRF is the comparison of THA patients among different 

bearing surfaces as well as between normal and implanted subjects. This can help 

evaluate the performance of implants while patients are still active and comfortable with 

their prostheses. 
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1.10 Study Propose 

Kinematic and kinetic characteristics of total hip arthroplasty patients have been 

evaluated in countless studies and compared to the performance of healthy subjects. 

No previous study has been performed to evaluate the kinematics, kinetics, vibrations 

and acoustical emissions of subjects implanted with various bearing surface THA during 

an in vivo, weight-bearing activity. Understanding of the joint mechanics is essential in 

predicting and evaluating the success of the involved prosthesis. The evaluation and 

comparison of different implant designs require accurate in vivo kinematics and kinetics. 

Telemetric data is available, but due to the high cost, only few patients can be 

examined. Additionally, subjects with healthy hips cannot be included into such 

evaluations and comparisons due to the invasive nature of this method. Many studies 

have been performed in vitro and by using animal experiments, but they often lack on 

accuracy when compared against in vivo data. 

The propagation of hip vibrational frequencies and squeaking may be an 

indicator of undesirable hip conditions and the sound analysis may be suitable for early 

detection. Vibration, particularly in the range of the resonance frequency can cause 

pain, bone degeneration and fracture. A further understanding of the physical response 

resulting from impact during femoral head sliding may lead to valuable insight pertaining 

to THA failure. The frequency is affected by the quality of the bone surrounding the 

fixture and the stiffness of the interface between implant and the bone. If a long term 

study is performed a decrease in frequency over time may indicate a potential failure. 

Therefore, one of the goals of this study was to investigate if the implementation of 
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vibration and sound analysis can be applied to human hip joints under in vivo 

conditions. The vibration and sound evaluation across the hip joint may lead to 

conclusions, if implant design or material may contribute to the increased risk of 

resonance.  

Although separation has been well documented, it has not been correlated to 

clinical complications or a more in-depth understanding of the cause and effect.  

Therefore, a synchronized motion and sound data may provide better opportunities for 

investigating different failure modes of THAs. Measuring the mechanical properties of 

the bone-implant system using sound and vibration analyses promises to be a non-

invasive and simple way of detecting implant loosening, bone fracture and probably 

identify different wear patterns. 

The interpretation of the sound and vibration data is a complicated task involving 

an in-depth understanding of data acquisition (DAQ) and signal analysis, as well as the 

mechanical system characteristics. Sounds and vibrations generated through the 

implant interaction are possibly an outcome of a forced vibration induced by a driving 

force leading to a dynamic response. This driving force can be associated with the 

impact following femoral head sliding and the dynamic respond may give insight into 

implant and bone properties and conditions. For this reason, a synchronous recording of 

sound and fluoroscopy may help to interpret and analyze the signal components. 

Kinematic analysis using video fluoroscopy has been additionally employed to obtain 

necessary information about implant movement, to diagnose separation and help 

interpret the sensor data. 
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It is critical that the longevity of hip implants is increased, as the aging population 

and more active lifestyle of the elderly require more durable and long-lasting prostheses 

(Learmonth et al., 2007).  Many of the methods implemented today for evaluation of hip 

joint performance are based on invasive procedures or diagnostic imaging techniques, 

which are often not capable to detect early complications. Therefore, a new noninvasive 

technique of digitally capturing hip joint vibration and sound emission has been 

developed for evaluation of hip performance and diagnosis of femoral head sliding of 

THA in the acetabular cup. The implementation of simultaneously captured in vivo hip 

motion allows for verification of the efficiency of the newly developed method.  

1.10.1 Study objectives 

The fundamental objectives of this study are to methodically investigate and 

analyze the 3-D in vivo kinematic, kinetic, vibration and acoustic characteristics in THA 

patients with different bearing surfaces and to compare them with each other during a 

weight-bearing activity. For this vibration and acoustic emission from the joint interaction 

has to be captured, synchronized to the joint movement, with the aid of externally 

attached sensors and the sound has to be correlated with the in vivo motion and forces 

of the implanted joint.  Kinematics are obtained using fluoroscopy, which is a well 

established method representing the current state of the art. Additionally, an inverse 

dynamic mathematical model that better simulates the in vivo loading conditions of a 

"typical" total hip replacement subject and considers the interdependence of muscle and 

joint forces has to be develop and implemented for patients with different bearing 

surfaces THAs. For the implementation of all this different components, a new non-
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invasive technique of digitally capturing hip joint vibration and sound emission has to be 

developed for evaluation of hip performance and diagnosis of femoral head sliding of 

THA in the acetabular cup.  

This study represents the first attempt to apply sound and vibration analysis as 

an impulse excitation technique (Katsuhiko, 2001) for testing hip conditions and for 

measuring femoral head sliding in the acetabular component of human hip joints by 

acoustic and vibration means. It is hypothesized that subjects experiencing femoral 

head separation will induce an associated sound and it is assumed that differing bearing 

surface material interactions will lead to different types of sounds. 

This is the first study to utilize the established method of kinematics, kinetics and 

sound analysis techniques to evaluate the performance of implants with different 

bearing surfaces while patients are still active and comfortable with their prostheses. 

This new technique will help surgeons and biomedical engineering with the 

implementation of future prosthesis designs and new materials. 

1.10.2 Study design  

The flow chart shows the different components of the entire study (Figure 1, all 

tables and figures are located in the appendix) and a detailed overview of the research 

procedures are shown in the research overview (Figure 2).  
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1.11 Dissertation Contribution 

The key objective of the present research is the synchronous acquisition of hip 

joint kinematics, kinetics and to correlate this data with vibration and acoustical signals 

from total hip arthroplasty patients implanted with different bearing surfaces. The 

novelty of this research project and the contributions made to the fields of orthopaedics 

and mechanics are anticipated to be as follows: 

• This is the first research project conducted to evaluate various bearing surfaces 

for  Total Hip Arthroplasty using the following principles and techniques:  

- kinematics, 

- kinetics,  

- vibration and 

- acoustical emission.  

• Previously researchers have tried to clinically evaluate vibration and/or sound 

emission from hip joints but have failed to isolate the “true” signal among the 

unwanted signals pertaining to noise and alternative systems. The novel 

technique of combined implementation of kinematics and DAQ signals will allow 

for further understanding of the occurrence and source of joint sounds and the 

correlation of these signals with clinical diagnoses. 

• Uniquely, a baseline will also be establish for correlating femoral head separation 

from the acetabular cup and the acoustic characteristics for THA hips for different 

bearing surfaces. 
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• No commercial software was available that is capable to handle the developed 

set up, including synchronization of two different video sources and data from 

several DAQ channels. For this reason, a computer algorithm was developed to 

synchronize numerous signals of different origin also allowing instant review of 

the recorded data.  

• With respect to mathematical modeling of the human lower extremity, only few 

previous studies attempted to include soft-tissue structures (muscles and 

ligaments).  Also, these previous models were not validated using experimental 

data under in vivo conditions. In this proposed model, a multi-body computational 

model was developed that could determine in vivo mechanics of the implanted 

and non implanted hip joint and was correlated to experimentally derived forces 

using a telemetric hip implant.  The results from this parametric model could then 

be correlated to the vibration and acoustic signals to determine if these sound 

signals represent detrimental conditions that may lead to implant failure. 

• The in vivo kinematics, kinetics and acoustical data will provide new view and 

understanding of the hip joint performance after THA and will help engineers, 

researcher and surgeons to optimize implant design and bearing surfaces. 

• Most importantly, this is the first study to comprehensively evaluate hip joint 

mechanics. The information and procedures used in this proposed study may 

lead to the development of new non invasive techniques that could be used to 

clinically diagnose the condition of the human hip joint.  These new non invasive 
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techniques may allow a surgeon to diagnose clinical concerns without the use of 

radiation attributed to x-rays and/or CT scans. 
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Chapter 2  

Background 

It is difficult to fully understand the kinematics and kinetics of the human body. 

Therefore, an analysis and study of the muscles and ligaments mainly involved in the 

gait activity was performed. Additionally, an investigation pertaining to the necessity of 

total hip replacement (THA), surgical approaches utilized with THA and the possible 

failure modes associated with it were investigated. 

2.1 Hip Muscles 

This chapter gives a brief description of the muscles and ligaments contributing 

to the kinetics of the hip during gait. 

2.1.1 Hip flexors 

2.1.1.1 Iliopsoas 

Iliopsoas is a muscle made up of two parts - Iliacus and Psoas Major. Iliacus 

originates from the inside of the pelvic bone, whereas psoas major originates from the 

front of vertebrae L1 to L5. The two muscles then insert via their tendons onto the lesser 

trochanter of the femur. Iliopsoas is the primary flexor of the hip and is very powerful. If 

the iliacus portion is shortened it can pull the leg into a flexed position or pull the spine 

forward into a forward bent position. In a society in which individuals do a lot of sitting 

this is a concern, since the hip flexor remains in a shortened position for extended 
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periods of time. If that muscle is chronically shortened it can cause movement 

restrictions and pain syndromes. When the muscle performs a shortening or isotonic 

contraction it will bring the femur or leg bone toward the trunk – i.e. hip flexion (Virginia 

University, Courses). 

2.1.1.2 Rectus Femoris 

Rectus Femoris is the only one of the four quadriceps muscles that crosses two 

joints (Hip and knee). Rectus Femoris arises from the anterior inferior iliac spine and 

passes across the hip joint, down the shaft of the femur superficially and attaches to the 

patellar tendon at the knee. Because of its attachments it crosses two major joints in the 

lower extremity so it has muscle actions at both joints. If the pelvis is fixed it flexes the 

hip and extends the knee (important in walking). If the femur is fixed, it can rotate the 

pelvis forward from its superior aspect (anteversion) (Virginia University, Courses). 

2.1.1.3 Tensor Fascia Latae 

The tensor fascia latae (in red), arises from the anterior part of the external lip of 

the iliac crest and the outer surface of the anterior superior iliac spine. It inserts into the 

iliotibial tract. The iliotibial tract is a heavy fibrous area of the deep fascia of the upper 

leg. The iliotibial tract, along with the tensor fascia latae and the gluteus muscles, 

assists in stabilizing the hip and knee joints during standing and walking.(Virginia 

University, Courses). 
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2.1.2 Hip extensors 

2.1.2.1 Gluteus 

The antagonist or opposite muscle to the hip flexor is the large and powerful 

gluteus maximus. It is the large buttock muscle located posterior to the sacrum. It arises 

from the posterior aspect of the ilium, the lower and posterior portion of the sacrum, and 

the side of the coccyx. It attaches at the iliotibial tract along the posterior aspect. It 

produces hip extension when activated (Virginia University, Courses). Gluteus medius 

lies between gluteus maximus posteriorly and tensor fasciae latae anteriorly.  Much of 

the muscle is covered by gluteus maximus. Together with gluteus minimus it abducts 

and medially rotates the hip joint.  Gluteus medius and minimus are fundamental in 

keeping the trunk in an upright position when the contra-lateral foot is raised during 

walking (Virginia University, Courses). 

During walking body weight is transferred from hip joint to hip joint. In order to 

prevent the toes from scraping on the ground during the swing phase, gluteus medius 

on the stance side contracts, tilting the pelvis upwards, lifting the leg clear of the ground 

(Virginia University, Courses). 

2.1.2.2 Hamstring 

The hamstrings consist of three muscles - biceps femoris, semitendinosus, and 

semimembranosus. All three have a common origin at the ischial tuberosity. Biceps 

femoris inserts onto the lateral part of the knee (fibular head and lateral tibial condyle). 

Semitendinosus and semimembranosus insert onto the medial knee joint and upper 
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medial part of the tibia. These muscles contribute to hip extension and knee flexion 

(Virginia University, Courses). 

2.1.2.3 Hip Ligaments 

The iliofemoral ligament is shaped like a V and is the stronger of the two 

ligaments. It passes from the anterior inferior iliac spine down onto the line separating 

the femoral neck from the lesser and greater trochanters. The pubofemoral ligament 

runs from the pubic region of the pelvis toan area just above the lesser trochanter on 

the femur (Virginia University, Courses) 

2.2 Muscles Activity during Gait Cycle 

The movement pattern observed in the lower limbs during walking, are a direct 

result of the interaction between external forces (joint reaction and ground reaction) and 

internal forces (produced by muscles and other soft tissue). Knowledge of the ground 

reaction force is especially helpful to understand how muscle activity and timing 

contributes to stability and propulsion. Muscle activity is typically studied using 

electromyography (EMG). EMG records differ between individuals, and differ for a 

single individual according to variables such as velocity (Virginia University, Courses).  

2.2.1 Stance phase 

2.2.1.1 Loading Response LR (0 to 12 percent of gait cycle) 

Loading response begins with initial contact, the instant the foot contacts the 

ground. Loading response ends with contra lateral toe-off, when the opposite extremity 
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leaves the ground. Thus, loading response corresponds to the gait cycle's first period of 

double limb support. This is a period of extensive muscle activity. The ankle dorsiflexors 

act eccentrically to prevent slapping of the foot on the ground. The quadriceps act 

eccentrically to control knee flexion. Hip flexion is controlled by isometric action of the 

hamstrings (primarily biceps femoris) and gluteus maximus (primarily its lower portion). 

In the frontal plane, activity in the hip abductors, tensor fascia latae, and upper 

portions of the gluteus maximus control drop of the contralateral pelvis, which is relative 

hip adduction. While activity in the anterior gluteals (gluteus medius and minimus) might 

appear eccentric, these muscles simultaneously move the hip joint into internal rotation. 

In a closed chain, this hip rotation causes the pelvis to rotate forward on the opposite 

side. Thus, gluteus medius activity may be nearly isometric. Also contributing to both 

internal rotation and extension of the hip joint are the muscles of the adductor group 

(Virginia University, Courses). 

The erector spinae are also active during loading response. Their activity during 

this period has been characterized classically as a mechanism to stabilize the trunk 

during weight transfer, and to prevent its forward flexion during the rapid slowing of 

forward movement which occurs at initial contact. Recent theory attributes to the 

paraspinal muscles a more active role in producing important trunk and pelvic rotation 

(Gracovetsky, 1988). The trunk may therefore act as an inverted pendulum converting 

potential energy to kinetic energy via the loading of the passive elastic components of 

the spine. Other theory assumes that the trunk may act as an attenuator of ground 

reaction forces that progress up the kinetic chain (Sartor et al., 1999) 
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2.2.1.2 Midstance (12 to 31 percent of gait cycle) 

Midstance begins with contralateral toe-off and ends when the center of gravity is 

directly over the referenced foot. This phase, and early terminal stance (the phase 

discussed next) are the only times in the gait cycle when the body's center of gravity 

truly lies over the base of support. As the body moves over the stance limb, activity in 

the foot's intrinsic muscles (which are primarily subtalar supinators) activate to convert 

the foot into an increasingly rigid structure. This supination force is augmented by 

activity in the ankle plantar flexors, which act eccentrically to control closed chain ankle 

dorsiflexion in the form of tibial advancement over the stable foot. The quadriceps act 

concentrically to initiate knee extension and the hip abductors continue their activity, 

becoming isometric as they halt contralateral pelvic drop (Virginia University, Courses). 

2.2.1.3 Terminal Stance (31 to 50 percent of gait cycle) 

Terminal stance begins when the center of gravity is over the supporting foot and 

ends when the contralateral foot contacts the ground. During terminal stance, around 35 

percent of the gait cycle, the heel rises from the ground. Foot intrinsics and ankle 

plantar flexors continue to function as during mid-stance, becoming isometric at around 

35 to 40 percent of the gait cycle, when continued forward momentum in the body's 

upper part causes the heel to rise from the floor. Similarly, the hip abductors move from 

eccentric to isometric to concentric activity, elevating the pelvis in preparation for swing. 

The illiopsoas becomes active, eccentrically controlling the rate of hip extension. The 

quadriceps are inactive during this phase, as ground reaction forces, as well as activity 

in the plantar flexors, maintain knee extension (Virginia University, Courses). 
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2.2.1.4 Pre-swing (50 to 62 percent of gait cycle) 

Pre-swing begins at the initial contact of the contralateral foot and ends at toe off, 

at around 60 percent of the gait cycle. Thus, pre-swing corresponds to the gait cycle's 

second period of double limb support. Along with loading response, this is a period of 

widespread muscle activity. The foot is in its most supinated and rigid position. Acting 

on this rigid base, the plantar flexors act concentrically, producing a propulsive 

"pushoff." The iliopsoas also contributes to propulsion as it shifts from eccentric to 

concentric activity which will advance the extremity into swing phase. At typical to faster 

walking speeds, the rectus femoris also acts in a nearly isometric fashion, to limit knee 

flexion and augment hip flexion. Only at slower walking speeds, when ground reaction 

and joint reaction forces are too small to initiate knee flexion, knee flexors like the short 

head of the biceps femoris or the gracilis actually work to flex the knee directly. The 

erector spinae are active on the pre-swing side, and produce greater EMG activity than 

during their previous period of activity during loading response; a vital debate concerns 

whether this assymetrical activity functions simply to control unwanted trunk movement 

or if it helps initiate forward pelvic rotation, through the mechanism of coupled motion, 

and thereby helps drive the extremity into swing (Virginia University, Courses). 

2.2.2 Swing phase 

2.2.2.1 Initial Swing 

Initial swing begins at toe-off and continues until maximum knee flexion of this 

activity (60 degrees) occurs. During this very brief phase, the hip flexors and knee 

extensors (primarily rectus femoris) continue their pre-swing activity. The dorsiflexors 
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act concentrically to permit the forefoot to clear the ground. While their activity varies 

widely among individuals, the hip adductors can also assist during pre-swing and initial 

swing to assist in hip flexion (Virginia University, Courses). 

2.2.2.2 Mid-swing 

Mid-swing is the period from maximum knee flexion until the tibia is vertical or 

perpendicular to the ground. Muscle activity virtually ceases except for the dorsiflexors 

as the extremity's inertia carries it through swing like a pendulum. 

2.2.2.3 Terminal Swing 

Terminal swing begins when the tibia is vertical and ends at initial contact. The 

hamstrings (primarily the medial group) act eccentrically to decelerate the swinging 

extremity, while the dorsiflexors hold the ankle in position for initial contact. Just before 

the foot touches the ground, the quadriceps and the hip abductors initiate activity, 

disclosing the existence of a feed forward mechanism by which the body prepares for 

the large ground reaction its joints will encounter at initial contact (Virginia University, 

Courses). 

2.3 Arthritis 

Different forms of arthritis exist which often have different causes. One of the 

most common forms of arthritis is osteoarthritis (Conaghan, 2008) which is a 

degenerative joint disease resulting from trauma or infection of the joint, as well as 
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simply caused by age. Abnormal anatomy as well as abnormal movement patterns 

might contribute to the early development of osteoarthritis.  

Osteoarthritis (OA) is also known as degenerative arthritis and is a clinical 

condition in which low-grade inflammation results in pain in the joints. OA is caused by 

irregular wearing of the articular cartilage that covers the joints and acts as a cushion 

inside joints and destruction or decrease of synovial fluid that lubricates those joints. As 

a result the bone surfaces become less well protected by cartilage, the joint becomes 

pitted, eroded and uneven. Eventually, this causes the two bones to scrape against 

each other, bone on bone contact, and roughening and wearing away of the bones 

occurs. When this happens, the joint becomes pitted, eroded and uneven resulting is 

pain, stiffness and instability, and in some cases, motion of the leg may be greatly 

restricted. As a result the patient experiences significant pain upon weight bearing, 

including walking and standing, as well as stiffness, instability of the joint and a loss of 

function and mobility. Further, decreased range of motion may cause regional muscles 

to atrophy, and ligaments may become more lax (Conaghan, 2008). Additionally, bone 

spurs, known as osteophytes may also appear at the edge of the bone (Figure 3) which 

further limits the motion. Osteoarthritis is common and although it most often occurs in 

patients over the age of 50, it can occur at any age, especially if the joint is in some way 

damaged by injuries, trauma and bone deformities. 

The process of OA is irreversible, and typical treatment of symptoms associated 

with mild to medium level of osteoarthritis consists of medication or other interventions 

that can reduce the pain of OA and thereby improve the function of the joint. However, 
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hip replacement surgery is in severe cases the only prevailing option. Hip surgery can 

consist of hip resurfacing or total hip replacement (THA), in both cases the degenerated 

contact is replaced by artificial implants. Whereas THA replaces the entire joint 

including the femoral head, hip resurfacing reshapes and caps the damaged hip ball 

with a metal prosthesis. The damaged hip acetabulum is in both cases fitted with a 

metal prosthesis. 

2.4 Total Hip Arthroplasty 

In total hip arthroplasty the natural hip joint is replaced by an artificial prosthetic 

hip.  Several different techniques for the incisions exist and are defined by their relation 

to the gluteus medius. The main approaches include posterior (Hedley et al., 1990, 

Pellicci et al., 1998, Suh et al., 2004), lateral (Hardinge or Liverpool, Pai, 1997), antero-

lateral (Watson-Jones, Wheeless' Textbook of Orthopaedics, a), and anterior (Smith-

Petersen, Wheeless' Textbook of Orthopaedics, b) THA.  

In the posterior approach the joint is accessed through the back, taking piriformis 

muscle and the short external rotators off the femur. This approach allows for an 

excellent access to the acetabulum and preserves the hip abductors. The higher 

dislocation rate is a major critic point to this approach, but a repair of the capsule can 

reduces this risk. The lateral approach is also very commonly used and requires 

elevation of the hip abductors (gluteus medius and gluteus minimus) in order to access 

the joint. Osteotomy can be used to lift up the abductors of the greater trochanter, 

followed by a reapplication afterwards using cables. Another option is to divide the 
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abductors at their tendinous portion, or through the functional tendon and repaired using 

sutures. The antero-lateral technique approaches the interval between the tensor 

fasciae latae and the gluteus medius, whereas the anterior approach utilizes a space 

between the sartorius and tensor fascia latae. The double incision surgery and 

minimally invasive surgery are used in the hope to reduce soft tissue damage through 

reducing the size of the incision. Reduced incision may lead to reduced visualization 

and impair the component positioning accuracy.  

There are many hip implant designs available to surgeons on the market and no 

general agreement exists to which design is best. Therefore, the selection what is best 

for the patient is left to each particular surgeon based on his/her experience. Most of the 

THA prosthesis differ in design, size, material and coating but the basic design is similar 

regardless of the brand. The total hip prosthesis consists of four major parts. A cup 

replaces the hip socket (acetabulum) which has been reamed out by the surgeon. The 

acetabular cup is fixed by either bone cement or has a porous outer surface which 

allows for bone ingrowth.  An acetabular liner is placed in the cup and builds the bearing 

surface for the implant at the pelvis. It is usually plastic, although some new materials 

such as ceramic and metal are more often implemented now a days. A metal or ceramic 

ball is used to replace the fractured head of the femur and is placed on a metal femoral 

stem that is put inside the superior end of the femur where the femoral head has been 

cut off by the surgeon.  The stem is fixed similarly to the acetabular component in a 

cemented or non-cemented way. 



 

Chapter 2: Background  Page 40 

Much time, effort and money is invested into the design of hip joint implants, but 

still some complications and failures can occur. Overall the metal-on-polyethylene 

implant has an 80% to 90% survival rate after 25 to 30 years of use in older patients 

(Berry, et al., 2002a; Berry, et al., 2002b). However, the survival of THAs has been 

considered to be poor in young patients. The material used for the implant, the size of 

the femoral head, and the overall design as well as the surgical technique used, affect 

the performance, the amount of wear the implant undergoes, the likelihood of 

complication, and the survival rate of the implant itself. 
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Chapter 3  

Experimental Set-Up and Data Acquisition 

3.1 Subjects 

The hip implant performance of 27 subjects (31 hips) who previously underwent 

total hip arthroplasty was observed and analyzed in this study.  All surgeries were 

performed by the same fellowship-trained surgeon.  Four THAs were implanted with 

metal-on-polyethelyne (MOP, Versys stem-femoral head system, Trilogy acetabular 

system, Zimmer, Warsaw, IN, USA), six with ceramic-on-polyethylene (COP, Versys 

stem, TM modular acetabular system, alumina ceramic femoral head, Zimmer, Warsaw, 

IN, USA), and five with metal-on-metal polyethylene-sandwich (MOM-PS, Versys stem, 

TM modular acetabular system, Metasul femoral head and acetabular liner, Converge 

acetabular cup, Zimmer, Warsaw, IN, USA), as well as eleven metal-on-metal THAs 

(MOM, M2a 38mm head or Magnum Large Metal Articulation 52mm head, Biomet, 

Warsaw, IN, USA and Metasul LDH, Durom US Acetabular Component, Zimmer, 

Warsaw, IN, USA). In the MOM case additionally different sizes were examined with 4 

hips implanted with Biomet large head (50mm an up), 4 with Biomet medium head 

(38mm), and 3 Zimmer large head (50mm an up).  Additionally, 5 THAs with ceramic-

on-ceramic (COC, Accolade TMZF stem, Trident alumina acetabular -femoral head 

system, Stryker, Kalamazoo, MI, USA) were included in the study (Table 1).   



 

Chapter 3: Experimental Set-Up and Data Acquisition Page 42 

All subjects were analyzed under in vivo, weight-bearing conditions using video 

fluoroscopy and a data acquisition (DAQ) system to determine in vivo motion, vibration, 

sound and forces. The surgeries were performed using a single, posterolateral incision. 

To control the surgical technique and THA implant functionality in the study, which 

should help reduce the number of variables, a single, experienced, fellowship-trained 

surgeon (Dr. Harold E. Cates, Tennessee Orthopaedics Clinic, Knoxville, TN, USA) 

performed all surgeries.  

3.2 Test Preparations 

Institutional Review Board (IRB# 897-A) approval was obtained at the University 

of Tennessee and Parkwest Hospital, Knoxville, TN, USA. A statement of participation, 

an informed consent form as well as the Accountability Act (HIPPA) privacy form were 

signed by each person prior to participation. In addition, a survey describing their own 

opinions on their post-operative experience, their daily activities and overall satisfaction 

with their current quality of life were filled out by the patients. The designed 

questionnaire (Appendix A: Patient Questionnaire, page 174) is based on the Western 

Ontario and McMaster Universities (WOMAC) osteoarthritis index and Harris hip score 

questions (HSS). Since both pre-designed questionnaires are very detailed only a 

selective portion of the questions was used to create the questionnaire for this study. 

The assortment was based on a previous study proving information about the 

correlation of those questions and the measured range of motion which suggested that 
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the points allotted in the questionnaires for range of motion are a reasonable accurate 

estimation from standardized questionnaire (Brian et al., 1996).  

A second automated questionnaire for the surgeons was created (Appendix B: 

Surgeon’s Questionnaire in Electronical Format, page 177). This questionnaire has 

similarly pre-selected questions that can be applied for all patients and will allow a 

further study and comparison of all patients of a single surgeon and in the entire 

institution. It can be recommended that it is used as a standard protocol for 

documenting patient demographics and statistics. 

3.3 Patient Selection 

There are two basic types of traditional hip arthroplasty surgical techniques; the 

posterolateral approach, and the anterolateral approach. The posterolateral approach 

has been suggested to have a higher correlation with dislocation problems than the 

anterolateral approach, due to the cut of the posterior capsule and short external 

rotators that stabilizes the joint (Madsen et al., 2004; Schinsky et al., 2003; Weeden et 

al., 2003). There are no specific studies that were conducted to define the effects of 

differing surgical approaches on separation. To reduce surgical variance, subject 

selection was limited to the one surgeon and one surgical technique. In this study the 

posterolateral approach was selected because it is widely used in the US. 

Subjects with MOP, COP, MOM, MOM-PS and COC implants were invited to 

participate in the study by Dr. Howard E. Cates, through Tennessee Orthopaedics 
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Clinic, Knoxville, TN, USA.  These subjects were recruited from the pool of patients at 

the clinic via telephone and postal notification.  A screening and a patient questionnaire 

(Appendix A: Patient Questionnaire, page 174) for each potential subject were 

performed before each experiment to ensure that participant had satisfied the required 

clinical criteria.  Detailed information about the study, potential benefits and any risks 

were explained thoroughly before the procedure and the option of withdrawing from the 

study participation was given to each patient at any time. 

All subjects had excellent clinical results (Harris Hip Scores HHS> 90 points 

(Harris et al., 1990)), without pain, functional deficits, or generalized inflammatory 

conditions in order to ensure quality performance of the requested gait activity. The 

Harris Hip Score is a rating of how active the subject is with their daily activities, such as 

tying a shoe, bending down, sitting in a chair, etc. A score of greater than 90 

corresponds to a subject who is able to do 90% of their daily activities with little to no 

difficulty. All subjects demonstrated no evidence of postoperative hip subluxation or 

dislocation.  None of the subjects walked with a detectable limp and all subjects could 

actively abduct their operated hip against gravity without difficulty. No audible sounds or 

noises were detected by the subjects with respect to their operated hip joint.  

Patients were selected and matched based on gender, age, body weight, height, 

diagnosis, postoperative time, and any other conditions that might affect experimental 

results.  Additionally, the length of the skin incision, operating time, length of 

hospitalization, pre- and post-operative HHS (Table 1), intra-operative mid range laxity 

and capsular repair status were also recorded for the subjects (Table 2).  The age of the 
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subjects was limited to a range between to 35-85 years and their weight had to be less 

than 300 lbs in order to ensure that the experimental results properly represented the 

population and allow for proper and safe experimental environment. It was necessary 

that recruited subjects fulfill all those requirements in order to eliminate potentially 

confounding variables which could affect kinematic and kinetic comparisons.     

All data was either measured before the experiment or taken from the previous 

clinical documents of the participant.  This clinical data was used in a comprehensive 

comparative correlation with the kinematic, kinetic and vibrational data and helped to 

better understand the results derived from this research study. Understanding patient’s 

demographics helped to correlate more accurately the mechanical and dynamic 

characteristics with clinical outcomes.   

All subjects performed gait on a level treadmill with different speeds, but for this 

initial study, only the gait cycle pertaining to slow walking at 0.5 miles/hour was 

analyzed for each of the subjects. Subjects were given time to become accustomed to 

walking on a treadmill. All subjects were able to walk comfortably on the treadmill while 

not holding onto the handrail for support which were in place for safety but not actively 

utilized. Each subject walked for a minimum of 5 min, with a minimum of 2 sets of data 

collected. 



 

Chapter 3: Experimental Set-Up and Data Acquisition Page 46 

3.4 Fluoroscopy 

THA affects pertaining to the kinematics and kinetics of the hip joint, in subjects 

during normal daily activities, has been widely investigated in the past. One of the most 

commonly studied activities is gait. Therefore, in this present study, subjects were 

analyzed during gait, as it is the predominant weight-bearing activity, and is, a very 

important aspect of evaluating patient quality of life. Each subject performed normal 

walking while on a level treadmill, under fluoroscopic surveillance. A fluoroscopic unit 

and a video camera were used to capture the in vivo, weight-bearing movement of the 

THA as well as the leg motion during the gait activity allowing for the documentation of 

the relative motion between the femoral and acetabular components (Figure 4). Several 

steps during the walking activity were captured. For each subject, one single stride from 

toe-off to the subsequent toe-off was chosen randomly for analysis. 

3.4.1 Tracking of several gait cycles using single video-fluoroscope 

The hip joint moves during level walking in the gait direction, the sagittal plane, 

with a horizontal velocity greater than 0.5 miles per hour (MPH) and a changing 

acceleration. Due to these boundary conditions, it is not possible to track the hip joint 

during walking because the hip will move out of the field of the fluoroscopic view. For 

this purpose a treadmill was applied which kept the hip joint in the range of a 12 inch 

fluoroscope. The speed of the treadmill was adjusted so that it was at a rate that would 

allow the images to be captured without occurrence of blurring or ghosting. 
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3.4.2 The fluoroscopic unit 

The fluoroscopic machine (Figure 5) was operated by a certified radiation 

technician. The use of fluoroscopy allows for the formation of a basic projection image, 

captured by passing pulsated radiation through the subject’s joint and onto an image 

intensifier (usually a ten to twelve inch diameter circle). A high frequency pulsed 

fluoroscopy unit (OEC 9800, General Electronic Medical Systems, Salt Lake City, Utah, 

USA), consisting of a C-arm with high resolution intensifier and a high power rotating 

anode X-ray tube, was used in this study. The fluoroscopic video was captured at 30 

frames per-second with a resolution of 720x680 pixels and captured images were saved 

in tiff format in order to gain the best quality.  

3.4.3 Radiation safety 

The amount of radiation emitted from pulsated fluoroscopy unit, measured at the 

maximum setting was 2.4 rad/min (3.6 Rem), which is much less than using a 

continuous stream of radiation. Each participant was under fluoroscopic surveillance for 

less than or equal to 2 minutes and only the hip joint (from the fluoroscopy machine) 

and foot position (from a second camera aimed at the feet for the gait activity) were 

recorded.  Proper shielding was utilized during the experiment and the total exposure 

level from the fluoroscopy was far below the established limits for the participants.  

However, a lead apron was worn by the subjects to cover the area below the first rib in 

order to reduce any possible radiation exposure.  Additionally, all the researchers and 

nurses were required to wear full lead aprons. Procedures were performed until two 
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successful movements have been acquired, or a fluoroscopic “on-time” of one minute is 

achieved with a maximum total exposure time of 2 minutes. 

3.4.4 Fluoroscopic image capture 

Video-fluoroscopy was performed by acquiring a continuous stream of video at a 

rate of 30 images/second, with an image intensifier of 10 to 12 in. The image intensifier 

passed the image onto a mirrored system into a camera which recorded the dynamic 

movement (Figure 5). The femoral stem and acetabular shell appeared as a blackened 

silhouette on the video screen (Figure 6). Bone and tissues were viewed surrounding 

the THA implant as lighter gray areas due to better passivity of the radiation. The 

fluoroscopic video and the real-time video of the subject’s stride were recorded 

synchronously to a computer. This created a screen view of the subjects gait cycle in 

vivo and ex vivo, allowing use of a visual aid in determining what instance of the gait 

cycle was captured. Specified frames from the fluoroscopic gait videos for each subject 

were captured and edited using the software package Adobe Premiere ProTM (Adobe 

Systems Incorporated, San Jose, CA, USA). Images were taken at heel-strike, 33% of 

stance phase, 66% of stance phase, toe-off, and at six increments of swing phase for 

each subject. Additional images were capture if required for more detailed analysis. 

Approximately, 18 images per subject were captured to represent the entire gait cycle. 

Gait phases were determined using the synchronized image of the real-time subject gait 

cycle. Values of 33% and 66% of stance phase were found by calculating the number of 

frames between heel-strike and toe-off. This value was then divided by three and added 
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in succession to the first heel-strike value. Swing phases were found by using the time 

between the toe-off and the next heel-strike in gait.  

3.5 Force Plate Measurements 

Prior to each fluoroscopic session, subjects were asked to perform under in vivo, 

weight-bearing conditions, one step on a force plate with the foot of the affected leg 

falling onto the center of a force plate (AccuSway, AMTI, Advanced Mechanical 

Technology Inc, Arlington, VA, USA).  Subjects were asked to walk slowly over the force 

plate and practiced stepping onto the force plate before data was collected to make the 

gait more consistent.  Couple of trials were collected for each subject at a slow to 

comfortable speed. In addition the bodyweight of each patient was recorded prior to the 

procedure. 

The standard option of digital data recording via RS-232 interface provides only a 

low sampling rate possibility and does not allow for synchronization with other 

equipment included in our DAQ setup, such as accelerometers and sound sensors. For 

this reason, an analog 8 channel interface was chosen (Figure 4). The force plate 

consisted of 4 three-axial force sensors mounted in the top plate at each corner. The 

forces and moments applied on top of the surface were distributed among the four 

sensors and separated into three orthogonal force components. The load cells 

produced signals into all 8 channels: 4 vertical measurements and 4 shear force 

measurements. The Z analog output was pointing down for each corner, and the XDC 

channel is opposite the global sign convention. For this reason, there were negative 
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values in the calibration matrix. The global sign convention is given in bold print in 

Figure 9 (AccuGait, 2005). When the force plate is powered, eight voltage signals are 

always present at the 10-pin output connector (Table 3). 

A manual calibration was performed each time the force plate was in use. For 

this reason the ZERO button was pressed manually after the force plate warmed up to 

initiate the autozero routine. The analog output range of the force plate in use was 

±10.0 Volts with auto zeroed values of approximately 0 volts. Although these near zero 

values are quite small, it was still recommended that these small values are used to 

eliminate any mean displacement of the outputs (AccuGait, 2005). 

The captured 8 channels represent 4 vertical and 4 horizontal sensor readings.  

The force plate is initially calibrated at AMTI for both digital and analog outputs. The 

results of this initial analog calibration are the force and moment sensitivities given in a 

6 x 8 element array.  
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For the calibration, all eight analog channels should be normalized to 0.0 Volts. 

For this reason a calibration file was taken before and after each measurement session. 

This file represented the force plate measurements of all sensors in an unloaded 
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condition. To normalize each channel, the acquired unloaded value was subtracted from 

each force plate output signal: 

)_()_(_ offFdataeventFF −=Δ  

[ ]YBDXABXDCYACBzAzDzCzF =_  (Table 3) 

with  )_( dataeventF =  data set from the desired event 

)(_ offF   = offset value for each channel in 

unloaded condition 

_FΔ  =  “offset corrected” acquired data 

The recordings of the 8 channels were processed using self developed software 

based on MATLABTM (The MathWorks, Inc., MA) using the 6-by-8 sensibility matrix S 

and the calibrated acquired data _FΔ  (Figure 10). The final 6 outputs included 

orthogonal three forces medial-lateral (Fx), anterior-posterior (Fy), and vertical (Fz) and 

three corresponding moments (Mx, My, Mz). 

Force calculations:  

S18)* YBD (S17) * XAB( S16) * XDC( S15) * YAC( 
S14)*Bz (S13) * Az(  S12) * Dz(  S11) * Cz( Fx 

Δ+Δ+Δ+Δ+
Δ+Δ+Δ+Δ=

 

S28)* YBD (S27) * XAB( S26) * XDC( S25) * YAC( 
S24)*Bz (S23) * Az(  S22) * Dz(  S21) * Cz( Fy 

Δ+Δ+Δ+Δ+
Δ+Δ+Δ+Δ=
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S38)* YBD(S37) * XAB( S36) * XDC( S35) * YAC( 
S34)*Bz (S33) * Az(  S32) * Dz(  S31) * Cz(  Fz

Δ+Δ+Δ+Δ+
Δ+Δ+Δ+Δ=

 

Moment calculations: 

S48)* YBD(S47) * XAB( S46) * XDC( S45) * YAC( 
S44)*Bz (S43) * Az(  S42) * Dz(  S41) * Cz( Mx 

Δ+Δ+Δ+Δ+
Δ+Δ+Δ+Δ=

 

S58)* YBD(S57) * XAB( S56) * XDC( S55) * YAC( 
S54)*Bz (S53) * Az(  S52) * Dz(  S51) * Cz( My 

Δ+Δ+Δ+Δ+
Δ+Δ+Δ+Δ=

 

S68)* YBD(S67) * XAB( S66) * XDC( S65) * YAC( 
S64)*Bz (S63) * Az(  S62) * Dz(  S61) * Cz(  Mz

Δ+Δ+Δ+Δ+
Δ+Δ+Δ+Δ=

 

Measurements were taken at 10,000 samples per second via a data acquisition 

(DAQ) system using in-house developed software application (Chapter 3.8, page 55). 

This setup allowed for synchronization of DAQ and video signals. 

An application was developed, Figure 10, to calibrate, calculate and plot the 

resulting force. For the force data a calibration is necessary every time when the force 

plate is turned on. The calibration reads a signal file, which should be taken prior to 

every measurement set and creates a zero-file, which is used for calibration for all 

subsequent experiments until the machine is turned off. There is an option for easy 

checking of the calibration by using a load file with known weight. This option computes 

only the 3 forces and 3 moments acting on the force plate. This gives the opportunity 

prior to starting the experiments to instantly verify the calibration of the device. The 

analysis option calculates the Ground Reaction Force (GRF) based on a known 

sensitivity matrix and outputs the results in a data-file as well as plots. 
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The force plate was placed with the negative x-axis in waling direction, the y-axis 

pointing in medio-lateral (ML) direction and the positive z-axis is pointing down (Figure 9 

and Figure 11). 

3.6 The New Acoustic and Vibration Analysis Technique 

Acoustic and vibration signals are generated through the impact of two objects. 

For this reason, the actual subject-specific, in vivo hip joint structural and mechanical 

conditions during weight-bearing activity were used to provide excitation of the pelvis 

through the impact of the femoral head in the acetabular component. 

A non-invasive acoustic and vibration analysis technique (AVT) was developed 

for the measurement of acoustic and vibration waves in hip joints (Figure 4). The 

transduction system included a pair of identical three-axial accelerometers and a sound 

sensor. Accelerometers (Figure 12), used to determine the propagation of vibration 

signals transmitted across the hip joint, were externally attached at the bone 

prominence of the greater trochanter and the anterior superior iliac spine, where the soft 

and muscle tissue layer is the thinnest (Figure 4). The sound sensor (Figure 13) was 

placed between both accelerometers at the closest distance to the hip joint interface 

and allowed for capturing sound emissions during the performed activity. All sensors 

were securely attached using a spica dressing, tight-fitting sleeve-like article of clothing, 

designed for the purpose of the study, and adjustments to patient size were achieved 

with integrated Velcro strips (Glaser et al., 2008). The elastic tension was adjusted to 

maintain a constant and equal compression to all three sensor components. This setup 
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was found to be optimal for the capturing of strong acoustic signals as well as the 

exclusion of ambient noise (Campbell and Jurist, 1971, Glaser et al., 2008). 

The criteria for selecting the accelerometers were based on their accuracy and 

size. The accelerometers used for this study have a sensitivity of approximately 10 

mV/g and a nearly linear output in the range of 2 to 7,000 Hz on the x-axis and 2 to 

10,000 Hz on the y and z axes.  Also, the accelerometers used were very small, 

approximately 0.25 inches cubed (Figure 12). Piezoelectric accelerometers were 

chosen, which use a spring-mass system to generate a force equivalent to the 

amplitude and frequency of vibration. The force is applied to a piezoelectric element, 

producing a charge on its terminals that is proportional to the vibratory motion. 

Piezoelectric materials are self-generating, therefore, do not require an external power 

source, but are constrained by low output sensitivity.  

The accelerometer and sound transducer (Figure 13) outputs were collected and 

amplified by a signal conditioner (PCB 583A series 16 channel, PCB Piezotronics, Inc., 

Depew, NY). A signal conditioner was needed since the piezoelectric devices, 

accelerometer and sound transducer used in this project have extremely low signals, 

and a simultaneous signal measurement with signal conditioning was essential for an 

effective DAQ system to maximize the accuracy, to allow sensors to operate properly 

and to ensure safety (Glaser et al., 2008). The signal conditioner used in this study 

included data amplification, sensor excitation, a programmable low-pass filter and 

programmable gain. Gain was adjusted to 100, which assured highly sensitive 

measurements. Measurements were taken at 20,000 samples per second and 
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simultaneously recorded to a laptop station using in-house developed software (Figure 

14, Chapter 3.8, page 55). To prevent aliasing - high-frequency components replicated 

as low-frequency components that distort the genuine signal - the hardware low-pass 

filter was adjusted to the Nyquist frequency of 10,000 Hz. The Nyquist frequency is 

defined as half of the highest Fourier frequency component in the sampled signal, here 

20,000 Hz (Glaser et al., 2008).  

For signal digitizing, the data acquisition (DAQ) system used was a DI-720 

Series (DATAQ Instruments, Inc, Akron, OH) 16-bit DAQ system with USB 2.0 Interface 

(Figure 3) (Glaser et al., 2008). 

3.7 Data Acquisition - DAQ 

A proper experimental setup can lead to the success of a study or to its 

impending failure. Data acquisition involves gathering signals from measurement 

sources and digitizing the signal for storage, analysis, and presentation on a personal 

computer (PC). The data acquisition (DAQ) system used is a DI-720 Series (DATAQ 

Instruments, Inc, Akron, OH) 16-bit DAQ system with 32-channels and USB 2.0 

Interface (Figure 4). 

3.8 Software Synchronization of two Video and multiple Data Acquisition 
Signals 

When data is recorded from many different and independent systems, a proper 

synchronization of all sources is crucial for the correct evaluation and correlation of the 
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obtained readings. Data Acquisition (DAQ) systems equipped with several channels are 

usually capable of recording the majority of signals needed from an engineering point of 

view, simultaneously. For best synchronization, all electrical signals should be collected 

using the same data acquisition board to assure the time-stamps for all collected signals 

are identical.  

No known software was available to capture and synchronize two real time 

audio/video inputs and DAQ signals as required by this study’s setup. Synchronization 

of such systems is usually achieved through triggering. At the beginning of this project a 

LED light was used for this purpose. The light was connected to one of the DAQ 

channels, giving a different voltage reading for the on and off states. At the same time, 

the event of the illuminated light was recorded by the video system and later used as a 

manual synchronization point.  

This procedure was cumbersome and can introduce unwanted errors pertaining 

to the reliance of humans to properly interpret the signal.  The process usually involved 

two people to operate the video and DAQ capturing mechanisms and makes instant 

review impossible. For these reasons, a new software package was developed which 

can synchronously record two real time audio/video signals and all required DAQ 

signals. It also made instant review of the synchronized data possible (Figure 14).  

The main application was written in C Sharp (C#), a Microsoft object-oriented 

programming language, and controls, displays and records two audio/video inputs and 

DAQ components. The software used ‘ActiveX control’ elements provided from the DAQ 
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hardware and software manufacturer. ‘ActiveX controls’ are reusable software 

components, based on the Microsoft Component Object Model (COM). Two separate 

uncompressed audio/video files were generated, representing the capture of 

fluoroscopic and foot-movement videos. Additionally, one data file was recorded in the 

usual manner that includes all DAQ channels.  

 The advantage of the developed software was that it required only one user to 

control all system components. The user was able to see, start, stop and review 

recordings of video and DAQ signals. Because of the automation of the entire 

procedure, errors and variation due to human interaction could be excluded. Also, no 

post processing or manual synchronization was required because the recording of all 

inputs starts within the ten milliseconds. This latency was much smaller than the NTSC 

(National Television System Committee analog video and television system) frame rate 

of 30 frames per second of the video signals (approx. one frame per 33 milliseconds) 

(Glaser et al., 2008). 
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Chapter 4  

Data Processing and Analysis 

4.1 3-D to 2-D Registration Analysis 

A full 3D analysis of each fluoroscopic series was achieved by fitting the 

projection of the 3D CAD models of the femur and acetabular cup to the fluoroscopic 

image.  

4.1.1 3D reconstruction procedure 

The three-dimensional (3D) CAD (Computer-aided design) models of the 

implants were obtained from the participating manufactures or were available in the 

database in our laboratory. Some of the implants had to be laser scanned, using the 

process of reverse engineering to obtain CAD models from physically present implants. 

Those 3D CAD models and the 2-D gait fluoroscopy images were overlaid using 

previously published 3D registration process (Dennis et al., 1996; Mahfouz et al., 2003) 

and MATLABTM (The MathWorks, Inc., MA, USA) applications, written at the Center for 

Musculoskeletal Research, Tennessee (Mahfouz et al., 2003). Individual fluoroscopic 

frames at specified increments of the gait cycle were captured from the entire 

fluoroscopic video.  Initially, 3D CAD models of the implant components were entered 

into the two-dimensional (2D) fluoroscopic scene.  The scene consisted of a light source 

(x-ray), an image plane on which to project the fluoroscopic image (image intensifier), 
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an area to manipulate a 3D model (subject area), and a camera to view the entire 

scene. Since metallic and ceramic materials do not allow for radiation transmission, the 

implants were viewed as darkened silhouettes in the fluoroscopic images. Polyethylene 

absorbs radiation and is therefore essentially transparent in the fluoroscopic images. 

Therefore, only metal or ceramic shell liners have been used for referencing. The 

images were projected onto the image plane (Figure 6), and the corresponding implant 

models of the femoral and acetabular component (Figure 7) were translated and rotated 

in 3D until the silhouette of the implants precisely match the outline of the darkened 

implants on the 2-D fluoroscopic images (Figure 8). This procedure is called 3D-to-2D 

registration process and is an interactive approach, where the operator of the 

application performs or assists the automated computer algorithm (Figure 15 and Figure 

16) (Dennis et al., 1996; Mahfouz et al., 2003). 

4.1.2 Algorithm 

The relative orientation of hip implant components was then determined in 3D 

from a single-perspective fluoroscopic image (Mahfouz et al., 2003). A three-

dimensional scene of the fluoroscopic unit was created on a Silicon Graphics Indigo 

(Mountainview, CA, USA) workstation in C++ using the Open Inventor Toolkit 

(Mountainview, CA, USA) library.  AutoCADTM (San Rafael, CA, USA) is used to extract 

measurements (Mahfouz et al., 2003).  The 3D to 2D registration method contained a 

combination of a matching algorithm, optimization technique, and user control to create 

the analysis. Initially, the user manipulated the models into place and then the computer 

determined an accurate fit.  The correct fit was achieved when the silhouettes of the 
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acetabulum and femoral stem implant components best matched the corresponding 

components in the fluoroscopic image.  The pose of each component was then 

recorded and measurements of interest were extracted using a CAD-modeling program.   

The images are evaluated by a combination of their pixel values (intensity 

matching score) and edge detection (contour matching score) determined by (Mahfouz 

et al., 2003): 

Intensity Matching Score:  
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where   G(x, y)  =  input x-ray image 

H(x, y)  =  predicted x-ray image 

J(x, y)   =  input edge-enhanced image 

K(x, y)  =  predicted edge image 

When the pixel or contour values matched the silhouette with the CAD model, 

both scores resulted in their highest values. When both scores are combined, the 

minimum value allows the algorithm to localize the best possible match. However, due 

to the symmetry of the hip joint implants two local minimums can result from the 
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combination of scores. Out of the two scores only one can be possible; therefore the 

user evaluates the ideal input and finds the true minimum value (Mahfouz et al., 2003). 

During THA analysis the user controls were used a majority of the time. 

Unfortunately, due to the density of the muscle and fat tissue around the hip joint, using 

the matching and optimization techniques did not always work. The cylindrical symmetry 

of the acetabular shell models also caused a problem with the algorithm resulting in a 

continuous run and never finding the perfect match to the silhouette. The acetabular 

shell models were often manually fit by the trained user. 

The applied algorithm is developed and maintained at the Center for 

Musculoskeletal Research, Tennessee (Mahfouz et al., 2003) and the application is 

called SAAM. 

4.2 Kinematic Analysis 

Individual fluoroscopic video frames at specified time intervals were processed 

as previously described (Figure 17). After each frame was analyzed for a single 

participant, kinematic curves were produced to describe the motions of the joint during 

gait.  

A local coordinate system was set up on each of the femoral and acetabular 

components. The measured variables throughout the motion included the femoral and 

acetabulum 3D rotational and translational kinematics (Figure 18 and Figure 19). The 

translations basically consisted of the position vectors of the implants, parallel (TX and 
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TY) and perpendicular (TZ) to the image plane. The rotational orientation is defined by 

the angles of out-of-plane rotation XROT and YROT and the ZROT of the rotation in the 

image plane. The relative rotations were calculated based on the Euler angles from the 

angles of rotation of each implant in the global coordinate system. The relative rotations 

XROT, YROT and the ZROT of the femoral component with respect to the acetabular 

component are described by real orthogonal 3x3 rotation matrix R by multiplication of 

the standard matrices RXROT, RYROT and RZROT. R is build by processing the matrix Rfem, 

the orientation of the femoral component, and the matrix Rpel, the orientation of the 

acetabular component: 

'* pelfem RRR =  

Since the acetabular component is fixed with respect to the pelvis the obtained 

kinematics for the acetabulum was interpreted as the motion of the pelvis. However, the 

orientation of the acetabular cup, with respect to the pelvis, has to be known. It is 

dependent upon the surgeon, the surgical technique and the patient anatomy. Since it is 

not known and the surgeon can only guess the orientation, the average of each rotation 

has been assumed to be the ‘neutral’ position of the cup. The rotation of the cup has 

therefore been normalized by subtracting the mean value of rotation in question from 

each individual position angle. 

The relative motion of the femur and pelvis were then calculated based on the 

transformation matrices of each rigid body and were subsequently used to determine 

the distance between the center of the femoral head and the acetabular component. 

This information was then used to diagnose if separation (sliding within the acetabular 
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cup) of the femoral head from the acetabular component had occurred (Dennis et al., 

2001, Glaser et al., 2007) (Figure 20). 

Temporal equations of the femoral and pelvic motions (Figure 21 - Figure 23) 

were derived from the relative motions by curve fitting, and in vivo kinematic data was 

analyzed and compared to describe the difference between the THA groups.  Finally, 

the kinematical equations were input into the mathematical model to determine the 3D 

kinetic results.   

4.3 Gait Analysis 

All patients performed normal gait on a level treadmill. During this activity their 

gait performance was observed and recorded. The analyzed parameters were stance 

time, swing time, step time, and double support time for the implanted and healthy leg. 

For all patients, each of the above mentioned parameters were measured during 10 

steps and averaged for analysis. With regard to the patients having unilateral implants, 

the absolute value of the symmetry indices (ASI), for the chosen parameters, was 

calculated. The ASI was used to compare the gait of the implanted and non-implanted 

limbs and examine the asymmetry in gait (Herzog et al., 1989; Giakas and 

Baltzopoulos, 1997).    
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with  Xh and Xi = gait variables for the healthy and 

implanted side, respectively 
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When the implanted and non-implanted leg are in perfect symmetry, e.g. Xi = Xh, 

the ASI results to zero. The ASI was also calculated for the same parameters in the 

bilateral patients. The comparison for those patients was carried out between the left 

and right leg. Acceptable symmetry was determined to occur when ASI<10%, as 

previously suggested (Giakas et al., 1997).  Since only absolute values are reported for 

the ASI, the symmetry index (SI) was used to identify which side resulted in higher 

parameters. The SI was calculated on the same basis as the ASI, but the positive and 

negative values were taken into account. For unilaterally implanted patients, a positive 

value for the SI suggests that the parameter is larger in the healthy limb, while for 

bilateral patients, a positive value for the SI suggests that the parameters is larger in the 

right limb. 

4.4 Ground Reaction Forces 

The ground reaction force vectors were filtered with a low pass filter of 1000 Hz 

and averaged among the trials for each patient and among the different bearing groups 

– MOP, COP, MOM, MOM-PS, and COC. Comparisons were also established between 

hard-on-hard bearings (COC, MOM) and hard-on-soft bearings (MOP, COP).  The 

average force, minimum, maximum, and standard deviation SD were determined for 

each set of averages. Each force was normalized by the corresponding patient’s body 

weight so that comparisons could be performed between different trials, patients, and 

implant groups.   
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BW

event
xBW F

FF =  

with eventF  = measured and calibrated ground reaction data 

during the analyzed activity 

 BWF  = measure body weight (BW) for each patient 

prior to each patient’s experimental session 

 xBWF  = times body weight (xBW) - the normalized 

forces 

The maximum peak forces and stance times were determined. Nine vertical (Fz) 

parameters were selected as descriptors of the ground reaction force components 

(Figure 24):  

Fz1 = percent time to first maximum force; 

Fz2 =  first maximum force; 

Fz3 = percent time to the minimum force; 

Fz4 = minimum force; 

Fz5 = percent time to second maximum force; 

Fz6 = second maximum force; 

Fz7  = average force.  

LR = loading rate; 

PR = push-off rate. 
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Six parameters were collected in the anteroposterior (x) direction:  time to 

maximum braking force (Fx1), time to zero force (Fx2), time to maximum propelling force 

(Fx3), maximum braking force (Fx4), maximum propelling force (Fx5), and the average 

force (Fx6) (Figure 25).   

Five parameters were analyzed in the mediolateral (y) direction:  time to first 

maximum (Fy1), time to first minimum (Fy2), average force (Fy3), first maximum force 

(Fy4), and first minimum force (Fy5) (Figure 26).   

These parameters were identified as representative descriptors of ground 

reaction force data that characterize the essential features of the force components 

(Bates et al., 1983b; McCrory et al., 2001) and have been used in prior studies to 

investigate the effects of running shoes on ground reaction forces (Bates et al. 1983a), 

to assess the effects of additional loads (Bates et al. 1987), and to quantify shoe-

orthotic interactions (Hamill et al. 1982; Hamill et al., 1990).  

The loading rate (LR) was calculated for each patient as the value of the first 

peak force (Fz2) divided by the time from the beginning of stance (heal strike) to the time 

when the first peak force occurred (Fz1) (McCrory et al., 2001).   

1

2

z

z
F

FLR =  

The push-off rate (PR) was calculated by dividing the magnitude of the second 

peak force (Fz6) evident through push-off by the time from this peak force to the end of 

the stance phase (toe-off) (Fz5) (McCrory et al., 2001).   
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The overall maximum peak forces and incidence of three or more peaks in the 

vertical direction were also determined.  From the kinetic data collected, the average 

gait cycle times as well as the percentages of the gait cycle comprised of the stance 

and swing phases were calculated for each group. 

4.5 Vibration and Acoustic Analysis 

Vibration and acoustic signals are generated through the impact of two objects 

(Glaser et al., 2008). The presented method implements the impulse excitation 

technique (Katsuhiko, 2001).  Initially, the femoral head slides within the acetabular 

component and comes to rest, with respect to translation, causing a standing wave to 

be generated at impact. Therefore, the actual subject-specific, in vivo hip joint 

dynamical conditions during weight-bearing activity were used to provide excitation of 

the pelvis through the impact of the femoral head in the acetabular component. The 

sound generated through the gait cycle was recorded and analyzed (Glaser et al., 

2008). 

4.5.1 Sound basics 

The ear enables humans and animals to hear their environment. The ears help 

the body to pick up sound waves and vibrations. Sound travels in waves through the air, 

the ground, and various other substances and can be felt by vibrations generated 

through the medium. Sound is a longitudinal mechanical wave of any frequency. 
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Frequency is the number of vibrations produced per second, varies for each sound and 

is measured in Hertz (Hz). The frequency of a sound wave determines its tone and 

pitch. Humans cannot hear sounds of every frequency. The range of hearing for a 

healthy young person is 20 to 20,000 Hz (Cutnell and Johnson, 1998: 466; Acoustics, 

National Physical Laboratory (NPL), 2003; Caldarelli and Campanella, 2003). Any 

frequency that is below the human range is known as infrasound, whereas ultrasound is 

above the range of the human ear.  

Sound pressure level (SPL) is given in db SPL and the threshold of hearing is 

defined close to 0 dB. The threshold of pain is about 135 dB. In this logarithmic scale 

the power doubles for each 3 dB increase. At the low end of the hearing range the ears 

lose function due to background noise. Peak sound pressure is 3 dB higher than root-

mean-square (RMS) average pressure. SPL normally refers to RMS pressure. 

For a non-linear response, distortion will occur. Harmonic distortion means that a 

pure 1000 Hz input tone results in spurious outputs at 2000 Hz, 3000 Hz, and other 

integer multiples of the input frequency. Inter-modulation distortion means two input 

tones at 1000 Hz and 100 Hz result in spurious outputs at 900 Hz, and 1100 Hz, among 

others. 

Sound Pressure Level (SPL) is defined using a reference which is approximately 

the intensity of 1000 Hz sinusoid that is just barely audible (zero ’phons’). In pressure 

units: 
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Since sound is created by a time-varying pressure, sound levels can be 

computed in dB-SPL by using the average intensity (averaged over at least one period 

of the lowest frequency contained in the sound). The relationship between sound 

amplitude and actual loudness is complex (Stevens and Davis, 1983). Loudness is a 

perceptual dimension while sound amplitude is physical. Since loudness sensitivity is 

closer to logarithmic than linear in amplitude (especially at moderate to high loudness), 

decibels are commonly used to represent sound amplitude, especially in spectral 

displays. 

(SPL) or sound level Lp is a logarithmic measure of the RMS pressure 

(force/area) of a particular noise relative to a reference noise source. It is usually 

measured in decibels (dB (SPL), dBSPL, or dBSPL). 
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with  p0  =  the reference sound pressure 

p  = the root-mean-square sound pressure being 

measured. 
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The commonly used reference sound pressure in air is p0 = 20 µPa (RMS). In 

underwater acoustics, the reference sound pressure is p0 = 1 µPa (RMS). It can be 

useful to express sound pressure in this way when dealing with hearing, as the 

perceived loudness of a sound correlates roughly logarithmically to its sound pressure. 

4.5.2 Vibration basics 

Induced or forced vibration is used as the source of excitation of impacts. If a 

force provides more energy to the system than it can dissipate, instabilities may develop 

in the form of forced induced vibrations and sound radiation.  The frequency of the 

resulting vibration is determined by the natural frequency of the component parts. 

Waves generated through the vibration of an object are defined as disturbances which 

are periodic in time and space. In general, waves exhibit no net transport of material, 

transport energy, have characteristic waveforms, propagate at uniform waveform-

independent speed, and have speeds dependent on medium. 

In engineering mechanisms with relative motion, impacts and vibrations can 

induce negative side effects such as wear, fraction, squeal (high frequency noise), 

chatter (low frequency noise) and self-sustained vibration. Vibration is usually a 

complex phenomenon and contains elements of axial, bending and torsional vibration. 

Vibration has always been regarded as having a destructive effect on human beings, 

construction and mechanical systems.  



 

Chapter 4: Data Processing and Analysis  Page 71 

4.5.3 Vibration and sound processing 

Through the use of a sound transducer and accelerometers, the in vivo capture 

and analysis of sound signals transmitted across the hip joints was conducted. This 

acoustic vibration technique (AVT) was also found to be insensitive to ambient noise. 

Sound signals captured from both, pelvis and femur, were objectively measured in units 

of millivolts (mV), and were then compared. The measured signals were divided by the 

sensitivity Sg (mV/g) or Sa (mV/(m/s2)) and converted to acceleration units in g or m/s2. 

Additionally, the applied gain during the measurements was eliminated by dividing the 

measurements by 100. 

The captured signal was then saved in matrix M of size n by m with sampling 

frequency Fs (m is the number of channels and n is the number of points collected) in 

ASCII format (American Standard Code for Information Interchange). Each column of 

the data represented a separate channel. The signal y was saved under each column of 

the matrix M and then normalized to the range 11 ≤≤− y  before it was converted, 

resulting in a sound that later was heard as loud as possible without clipping.  The 

sound duration depended upon the sampling frequency, Fs and, resulted from 

sFN /1*)1( −  with N representing the length of the signal. After processing the signal 

with Matlab the data was stored in the variable y and saved to a WAVE file, in an audio 

format. The data had a sample rate of Fs Hz and was saved as 16-bit, corresponding to 

the resolution of each sample in a set of digital, audio data.  
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4.5.3.1  Noise cancellation 

A number of methods was experimented and applied to reduce the background 

noise depicted by the developed instrumentation. Quite often there were external noise 

sources, such as 60 Hz interference from power lines, temperature variations, vibration, 

and/or tribo-electric noise. There are many approaches to minimize the effects of noise 

during data analysis. A built in low pass filter was used during recording the data to 

eliminate frequencies above the Nyquist frequency of 10 kHz, preventing aliasing to 

occur. During the signal processing, a high-pass filter was applied to cut off all 

frequencies lower than 100 Hz. This process removes the low frequency noises, which 

could arise from the fixation of the sensors, unintended shaking, 60 Hz electrical noise 

and other low frequency noises present during the data collection process. 

The power line noise was found in electrical signals due to AC power-line 

contamination. AC-powered appliances can give off a characteristic hum (often referred 

to as the "60 cycle hum"), at the multiples of the frequencies of AC power used. Electric 

hum is an audible oscillation at the frequency of the mains alternating current, which is 

60 Hz in the US. The sound often has a heavy harmonic content. The most common 

way to eliminate the noise is through a 60 Hz notch filter. Because there are inherent 

variations in the 60 Hz signal, a notch filter is not robust against signal source frequency 

changes. Instead of this, the low pass filter was applied due to the fact that frequencies 

lower than 100 Hz were of no interest for the present analysis. It was most important 

that all AC powered devices were electrically grounded and all devices were attached to 

the same circuit to prevent extensive and exaggerated electrical noise. 
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However, the power line noise consisted not only of 60 Hz AC hum, but also 

distorted harmonics. The higher the harmonic (180, 240, 300 Hz...), the more audible 

the signal became. Those harmonics were much more difficult to eliminate and may 

vary with the environment. Before each experimental session, a noise profile was 

captured and used to identify the present noise components due to the operation of the 

machine, as well as due to the power line harmonics (Figure 28 and Figure 29). This 

profile was then later used to filter out the noise from the captured experimental data. 

4.5.3.2 Fourier Transform 

A Fourier Transform (FT) is a mathematical operation that transforms a signal 

from the time domain to the frequency domain, and vice versa. All signals were 

captured in the time domain, i.e. the signals were expressed with respect to time, while 

in the frequency domain, a signal is expressed with respect to frequency. In the time 

domain the behavior of the signal at every moment in time can be examined. However, 

it is difficult to use the signal captured at any particular moment of time to predict how 

the long-term behavior is related to the short-term development of the signal. Therefore, 

a better way to look at a signal is to view its spectral density (i.e., the Fourier transform 

of the signal). The Fourier Transform views the signal as a whole. It switches the 

dimension of time with the dimension of frequency (Figure 30). 

The resulting sound was therefore analyzed using a Fourier Transform algorithm. 

Discrete Fourier Transform (DFT) was used to convert the signals from time to the 

frequency domain, which enables the analysis of the signal’s properties. A DFT is a 

Fourier Transform applied to digital (discrete) rather than analog (continuous) signals. 
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An FFT (Fast Fourier Transform) is a faster version of the DFT that can be applied 

when the number of samples in the signal is a power of two. An FFT computation takes 

approximately N * log2(N) operations, whereas a DFT takes approximately N2 

operations, so the FFT is significantly faster.  

∑
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with  ωN = an Nth root of unity 

k = 1,…N 

N = length of the vector x 

The power spectrum is the measurement of the power at various frequencies and 

can be calculated by: 

MXconjXPyy /)(*=  

where X = DFT of vector x 

 M = M-point fast Fourier transform (FFT) 

 Conj(X)= Complex conjugate of X 

An application was developed (Figure 10), capable of analyzing the force, sound 

and acceleration data simultaneously. For the acceleration and sound analyses, the raw 

data, as well as filtered and windowed data were displayed in both the time and 

frequency domain. 
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When applying the FT to convert the signal to the frequency domain, the time 

information was lost. Therefore, when reviewing a FT of a signal, it was impossible to 

detect the occurrence of a particular event.  If the signal properties did not change much 

over time, a stationary signal is detected and this weakness of the analysis becomes 

less important. However, the signals captured in course of this study contained 

numerous non-stationary or transitory characteristics: abrupt changes, beginnings and 

ends of events. These characteristics can be considered as the most important part of 

the signal since they change with the occurrence of certain events. A Fourier analysis 

was not capable of detecting them. 

It was more beneficial to apply a windowing technique to analyze, using a FT, 

only a small section of the signal at a time, allowing for the ability to preserve both the 

time and frequency information. The spectrogram (Figure 27) reveals the portion of a 

signal's energy of the frequency as it changes over time. It was generated using the 

short-time Fourier Transform (STFT). Since the spectrogram has the ability to preserve 

the time information while revealing information about the frequency content, the 

spectrogram was used to filter and analyze the sound (Figure 30) (Glaser et al., 2008).  

4.5.3.3 Joint transmissibility, impulse response and transfer function 

To characterize the input-output relationship of the components of the system, 

the definition of transfer functions can be used. In the particular problem, transfer-

function representation was applied because the system was assumed to be linear and 

time-invariant. 
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The transfer function of a linear and time-invariant system is defined as the ratio 

of the Laplace transform of the output (response function) to the Laplace transform of 

the input (driving function). It relates the output variable to the input variable under the 

assumption that all initial conditions are zero and uses mathematical modeling and 

operational methods to express the differential equations. Similarly, the acoustic 

transmissibility across the hip joint is defined as the ratio of acoustic response signal 

(Output) to the input force (Input): 

)(
)()(

sX
sYsGFunctionTransfer ==  

Most importantly, the transfer function is a property of the system and is therefore 

independent of the magnitude and characteristics of the input. The units to relate the 

input to the output are included in the transfer function, but no information concerning 

the physical structure of the system is implemented. Therefore, many physically 

different systems can be mathematically identical. Probably, the most important 

characteristic of a transfer function is that once the function is known, the output or the 

response can be studied for various forms of inputs. This leads to the understanding of 

the nature of the system and the factors mostly influencing it’s behavior. 

Initially, the transfer function for our model is unknown and must be established 

experimentally by introducing known inputs to the system and studying the output. Once 

established, the transfer function allowed for a full description of the dynamic 

characteristics of the system to be detected.  
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One method that can be used to find the transfer function of a system is to apply 

the impulse response theorem. The impulse response is made up of a large number of 

sinusoids (Fourier components) and when it depicts a dominant ringing, with a given 

frequency f Hz, it is indicative of a resonance. 

The Laplace transform of a unit-impulse function is unity, therefore, the Laplace 

transform of the output of the system )()( sGsY =  gives the impulse response of the 

system, which is defined as 

)()]([1 tgsGL =−  

The function g(t) is called the impulse-response function of the system and 

represents the response of a linear system to a unit-impulse input when the initial 

conditions are zero. The Laplace transform of this function generates the transfer 

function. Therefore, the transfer function and the impulse-response function of a linear, 

time-invariant system contain the same information about the system dynamics. It was 

hence possible to obtain complete information about the dynamic characteristics of a 

system by exciting it with an impulse input and measuring the response. In practice, an 

impulse input with a very short duration, compared to the significant time constants of 

the system, can be considered an impulse. 

In the present study it was assumed that if separation of the femoral head within 

the acetabular cup occurs, an impulse is generated. Initially, the femoral head slides 

within the acetabular component and comes to rest, with respect to translation, causing 

a standing wave to be generated at impact. This will result in impulse excitation and will 
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offer valuable information about the system characteristics and its behavior during the 

executed activity while under in vivo weight bearing conditions. Therefore, the actual 

subject-specific, in vivo hip joint dynamical conditions during weight-bearing activity 

were used to provide excitation of the pelvis through the impact of the femoral head in 

the acetabular component. The sound generated through the gait cycle was recorded 

and analyzed. 

4.5.3.4 Wavelet 

Additionally, wavelet analysis was applied to divide a given function into different 

frequency components and then each component was analyzed. The wavelet 

transformation (WT) is a mathematical function, especially powerful when applied to 

analyze the spectral properties of non-stationary signals such as the ones captured in 

this study. WT, which is the representation of a function by wavelets, was performed 

using scaled and translated copies of a finite-length or fast-decaying oscillating 

waveform which is selected based on the signal characteristics. For representing 

functions that have discontinuities and sharp peaks, and for accurately deconstructing 

and reconstructing finite, non-periodic or non-stationary signals the Wavelet analysis 

seemed to be more suitable than the traditional Fourier transformations. The WT is 

capable of overcoming the frequency and time resolution problems associated with the 

short-time Fourier Transform (STFT). The STFT provides some information about when 

and at what frequencies a signal event occurs, but the precision is only limited and 

depends on the size of the window. Once a particular size for the time window, the 

portion of the signal analyzed at a time, is chosen, that window remained the same for 
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all frequencies. While the STFT provided uniform time resolution for all frequencies, the 

WT adjusted the time and frequency resolution with the changing frequency: high time 

resolution and low frequency resolution for high frequencies and high frequency 

resolution and low time resolution for low frequencies (Figure 30 and Figure 31). The 

WT was performed using the windowing technique, but the window width was changed 

for every spectral component and then the transform was computed, which was the 

most significant characteristic of the wavelet transform. 

In the Contentious Wavelet Transform (CWT), a mother wavelet (or analyzing 

wavelet) was chosen, and then the signal was multiplied by the wavelet function 

(window), and the transform is computed separately for different segments of the time-

domain signal.  

The Discrete Wavelet Transform (DWT) analyzed the signal at different 

frequency bands with different resolutions by decomposing the signal into a (coarse) 

approximation coefficients and detail coefficients. During the wavelet decomposition 

(Figure 32) the signal was passed through several band-pass filters to obtain signal 

components at different band-widths, for subsequent analysis and processing. DWT 

employed two sets of functions called scaling functions and wavelet functions (Figure 

33), which were associated with low-pass and high-pass filters, respectively. The 

decomposition of the signal into different frequency bands was obtained by successive 

low-pass and high-pass filtering of the time domain signal and down-sampling the signal 

after each filtering.  
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The DFT of the signal x of the length N was defined as: 

∑∑ −= −− )2(2)(),( 2/ knkxkjW jj ψ  

where )(tψ  = mother wavelet, a time function with finite 

energy and fast decay. 

In the discrete domain, a filter is represented as a set of numbers which 

represent the impulse response of the filter. The signal was decomposed by successive 

high-pass and low-pass filtering of the time domain signal, where the filtering operation 

corresponded to the convolution of the discrete signal x with the filter g or h:  

∑ −=
n

high nkgnxky ]2[][][  

∑ −=
n

low nkhnxky ]2[][][  

where ][kyhigh  = output of the high pass filter g 

 ][kylow   = output of the low pass filter h 

These vectors are obtained by convolving x with the low-pass filter for 

approximation, and with the high-pass filter for detail, followed by dyadic decimation 

outputting the detail coefficients cAj from the low-pass filter and the approximation 

coefficients cDj from the high-pass filter. According to Nyquist’s rule, half of the samples 

were discarded. The filter outputs were then down-sampled by 2 (Figure 32). Only half 

of each filter output was needed to characterize the signal, therefore this process 

reduced the time resolution by half. On the other side, each output has half the 
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frequency band of the input so the frequency resolution was doubled. Only the low-

frequency sub-bands were successively decomposed into two (finer) sub-bands, while 

the high-frequency sub-bands were untouched. Therefore, the approximation 

coefficients (low frequencies) have a high frequency resolution but poor time resolution, 

while the detail coefficients of level 1 (high frequencies) have a poor frequency 

resolution but good time resolution. This leaded to the progressive change in 

successive levels of the frequency and time resolutions of the detail coefficients (Figure 

31). 

This decomposition process was repeated on the coarse approximation as 

necessary to further increase the frequency resolution. This leads to a tree shaped 

(pyramidal) algorithm with nodes representing a sub-space with different time-frequency 

localization (Figure 32). The low-frequency sub-band of the last stage was called the 

approximation coefficients. The combination of approximation coefficients and the detail 

coefficients of all levels was defined as DWT coefficients. The tree was an array of 

band-pass filters which separate the input signal into several components. Each of 

those components carried a single frequency sub-band of the original signal and 

allowed for detailed analysis of the original signal. This process is called a filter bank 

and was designed in such a way that sub-bands can be later recombined to recover 

original signal (synthesis). The reconstructed details and approximations are true 

components of the original signal and the original signal can be reassembled through 

the combination of all components: 

....123322211 DDDADDADAx +++=++=+=  
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A variety of different wavelet families have been defined in the literature. The 

selection of the mother wavelet is important and can define if successful signal 

decomposition is possible. In this analysis, the 6 coefficient wavelet family (DB6) 

proposed by Daubechies, 1988 was used (Figure 34). Different mother Wavelet and 

scaling functions are presented in Figure 33. 

The extracted wavelet coefficients provided a compact representation that 

showed the energy distribution of the signal in time and frequency. Statistics over the 

set of the wavelet coefficients was applied to further reduce the dimensionality of the 

extracted feature vectors. The mean of the absolute value of the coefficients in each 

sub-band provided information about the frequency distribution of the signal. The 

standard deviation of the coefficients in each sub-band provided information about the 

amount of change of the frequency distribution. Ratios of the mean values between 

adjacent sub-bands provided information about the frequency distribution. 

The extracted frequency components are studied with a resolution matched to its 

scale. The term `scale' corresponds to the inverse of frequency or to the time resolution. 

The scale can be converted to a pseudo-frequency by computing the center frequency 

Fc of the wavelet by associating a given wavelet with a purely periodic signal of 

frequency Fc: 

Δ⋅
=

a
FF c

a  

where  Fa  = the center frequency of a wavelet in Hz 
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 Fc = the pseudo-frequency corresponding to the 

scale a, in Hz 

 a = is a scale 

 Δ = sampling period. 

Optimal examination and interpretation of the measured sound signal was 

obtained by decomposing the signal into different components best describing its nature 

(Figure 35) (Glaser et al., 2008). Initially, the signal was separated into coherent and 

noisy portions. The noise part was eliminated and the remaining portion of the signal 

was broken down into its main components. Knocking modules are identified as impulse 

loads; representing very short durations in time pulses with high amplitude peaks (i.e. 

high-pitched note that usually sweeps steeply upward in pitch) (Figure 35d). The energy 

released during the transition from static friction to dynamic is transferred to audible 

sound. Other sound characteristics based on frequency, magnitude, distribution, and 

the level of occurrence were defined and comparatively analyzed. The classification of 

the signal into such main components helped the pattern extraction and the structural 

and mechanical understanding (Glaser et al., 2008). 

4.6 Calibration, Filtering and Error Analysis 

4.6.1 Distortion correction 

Images captured from the fluoroscopy are initially geometrically distorted by an 

effect called pin cushioning, created by the distance between the x-ray source and the 
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image intensifier. This effect caused the pixels of the images to concave inwards, so 

that the images appear to be warped. In order to correct (un-warp) the images, a 

calibration method was performed using a calibration grid called bead board (Figure 36, 

top left). Due to the rigid connection of the x-ray source and the image intensifier to the 

C-arm of the fluoroscope, the same distortion can be applied through the entire image 

sequence for one fluoroscopic experiment session performed with the same machine.  

The bead board consisted of a clear plexi-glass plate with metal beads inserted 

at a known distance apart from each other in grid format. The bead board fluoroscopic 

image was used to estimate the geometrical distortion by an algorithm in MatlabTM (The 

MathWorks, Inc., MA, USA) (Mahfouz et al., 2003). The Matlab code estimated each 2D 

spatial transform of the four bead bounded blocks throughout the board (Figure 36, top 

right) and applied a local bilinear mapping model and gray level interpolation method to 

remove the distortion (Mahfouz et al., 2003). Overall the Matlab process found the 

digital pixel locations of the beads in the board (state space) and compared it with the 

known bead distances (Figure 36, bottom left). Afterwards, a transform function was 

created to calibrate all of the fluoroscopy images from state space back to the true bead 

board geometries (Figure 36, bottom right). This process was used to un-warp all 

images taken by the particular fluoroscopy machine and was performed in all images 

before the three dimensional reconstruction (Mahfouz et al., 2003). 

The letter “E” was also placed on the board to observe whether the fluoroscopy 

unit inverted the images.  
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4.6.2 Fluoroscopic error analysis 

The factors influencing the accuracy of the position reconstruction of the implants 

are motion blur and the reduction of the image contrast due to bone or soft tissue 

overlay, thus leading to a reduction of the signal to noise ratio. It is important to estimate 

the accuracy of the 3D-to-2D registration process, which can be easily performed using 

static and dynamic tests. 

Two previously published error analyses verified the accuracy of the 3D model-

fitting process (Dennis et al., 1996, Mahfouz et al., 2003).  Threshold analysis of the 2D 

to 3D registration system have shown that the translational error is approximately 0.1 

mm (with exception of the Z-direction) and rotational error approximately 0.4 degrees 

under ideal conditions. Experiments have been performed by Mahfouz (Mahfouz et al. 

2003) to determine this threshold by comparison of values taken from three different 

setups. One setup included manually placing the implants in known positions in front of 

the fluoroscopy machine, taking the image, overlaying the image, and comparing the 

numbers. Another setup involved implanted cadaver legs which were monitored by an 

Optotrak system (Optotrak, Inc, Cary, NC, USA) as well as the fluoroscopy machine. 

The final test used real human subjects (Mahfouz et al., 2003).  

An error threshold of 0.5 mm was obtained (Mahfouz et al., 2003); therefore, 

femoral head sliding was predicted to occur if the femoral head-to-acetabular cup 

distance was greater than 0.5mm. 
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4.6.3 Acoustic and vibration measurement calibration and validation 

To ensure proper operation of the newly developed acoustic and vibration 

analysis technique, various functionality tests were performed. Accelerometers were 

mounted to a metal beam fixed on its one end and free on the other. The free end of the 

beam was displaced and then released. The vibration of the beam was measured with 

both accelerometers to assure that those are working simultaneously, that the axes are 

properly orientated and no significant cross-talk between the channels exists (Figure 

37). All channels {x,y,z} of the accelerometers {1,2} were measured simultaneously. The 

beam vibration was executed in z-direction of the sensors, where the accelerometer 

Az1 was showing in opposite direction than Az2.  

Additionally, a calibrated vibration generator, so called shaker, (PCB394CO6, 

PCB Piezotronics, Inc., Depew, New York, USA) was used to apply a known frequency 

operation mode and amplitude to the accelerometers. This handheld shaker is a small, 

self-contained, battery powered, vibration exciter specifically designed to conveniently 

verify accelerometer and vibration system performance. The used device operated with 

1g RMS acceleration at 159.2 Hz. The data was collected and the measured results 

were compared to the applied signal (Figure 38 and Figure 39).  

The noise level in the operating room was captured before and after each 

experimental session and a low noise-to-signal ratio was ensured. An attempt was 

made to filter out unwanted vibrations, induced by machinery motor speed and power 

line frequency, as well as those from soft-tissue movement (Figure 40) and muscles 

contractions (Figure 41). The effects of the thickness of the soft tissue were found to be 
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only moderate and have not been considered in the present study. The Tribo-electric 

effect is when a spurious signal is generated by a charge output accelerometer by the 

movement of the co-axial cable. Noise from sources such as those associated in the 

connecting cable was eliminated by proper mounting of the sensors on the testing 

surface. The sensor itself as well as the cable in a distance of at least 2 inches was 

securely fixed to the surface. This eliminated, or at least drastically reduced the 

possibility and the magnitude of any noise that can occur due to accidental shaking or 

touching of the accelerometer connection cables. 

In order to exclude noises generated from friction, rubbing, and gliding of the 

instrument, great care was taken to apply the sensors firm but not too tight, so that they 

will not shift during the procedure. Accelerometers are less sensitive than microphones 

or stethoscopes with respect to those types of noises, which gives additional 

advantages to the chosen technique. 
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Chapter 5  

3D Mathematical Modeling  

Modeling of dynamic systems and analyzing dynamic characteristics is of great 

importance to the study and understanding of biomechanical systems, since only limited 

methods are available to obtain the desired information experimentally. A mathematical 

model of the human body is defined as a set of differential equations that represent the 

dynamics of the system and are obtained using the physical laws governing the 

particular system. In the present study, Newton’s law was used to define the model; 

however, Kane’s dynamics (Kane et al., 1985, Kane and Levinson, 1996) was applied to 

simplify the mathematical model and to optimize its performance (Glaser et al., 2007). In 

contrast to the use of the classical formulation of dynamics with generic equations of 

motion, Kane’s unique method of auxiliary generalized speeds builds compact, 

customized and computationally efficient algebraic equations. The equations of motion 

for this model were determined using the symbolic manipulation algorithm AutolevTM 

(Online Dynamics Inc, Sunnyvale, CA) and MatlabTM (The MathWorks, Inc. Natick, MA). 

The purpose of this analysis was to compare the force patterns of THA patients with 

different bearing surfaces. As a final point, the calculated hip contact forces were 

compared to in-vivo measured forces produced by Bergmann’s telemetric hip data 

(Bergmann et al, 2001).   
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5.1 Introduction 

To solve for a biological system containing of several objects responding 

dynamically to their environment requires a real-time solution of that virtual system’s 

equations of motion. Generic equations of motion can provide a solution for a system of 

a single body or an open chain, but such an approach usually severely limits the family 

of objects that can be simulated. Instead, when customized equations are formulated 

and solved by a computer symbolic manipulation or specialized numerical routines, new 

possibilities of analysis of large and complex systems are opened.  

The human body is a multi-body system, or a system of rigid bodies inter-

connected by various joints that make or break contact with each other during the 

course of the countless different activities. Therefore, the defined model has to take into 

account the different and changing contact conditions which may include collision, slide, 

or roll. 

This study presents the design of a multi-body system defined with the symbolic 

manipulator AutolevTM (OnLine Dynamics, Inc., Sunnyvale, CA, USA; Kane and 

Levinson, 1996), which enables the user to solve for larger multi-body systems.  The 

designed application automatically formulates the equations using a system description: 

geometry, inter-connections, external forces, inertia properties, and constitutive laws for 

springs (such as ligaments). Once formulated, the governing equations were passed to 

a real-time solver formulated in MatlabTM (The MathWorks, Inc. Natick, MA) that 

determines the solution of the system (Glaser et al., 2007). 
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5.2 Coupling the measurement reference frames 

For the mathematical description of the leg, the kinematics obtained from 

fluoroscopy and processed with the 3D-to-2D registration and the ground reaction 

forces are needed as an input.  Each of those parameters has been calculated using 

different techniques with a coordinate system specific for the processing application. For 

this reason all variable reference frames had to be transferred to the one global 

reference frame defined in the mathematical model. The mathematical simulation 

employed the following reference axes orientation, specified as the Newtonian 

reference frame N: 1> is anterior-posterior (AP), 2> is superior-inferior (SI) and 3> is in 

medial-lateral (ML) direction, pointing out of the frame.  The left hand rotations of SAAM 

and the opposite Z-axis orientation were considered as data was transferred to the 

mathematical model (Figure 42). 

5.3 Skeletal Modeling 

The human body consists of 7 segments representing the stance foot, stance 

tibia, stance femur, swing foot, swing tibia, swing femur, the head and torso. For a 

successful simulation of one step during the gait cycle, only one leg is necessary to 

gather the required parameters. The number of segments included in this model is 

based on the consideration of the adequate movement by compromising unnecessary 

complexity. Therefore, only one leg, consisting of the foot, tibia, femur and the pelvis, as 

well as the spine modeled as a fix point was created, which allowed for the 

determination of the joint reaction forces of the ankle, knee, hip and spine during gait. 
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The chosen segments were separated by anatomic points and joint representation such 

as bottom of the foot, ankle joint, knee joint with rolling, and the hip joint. All body 

segments were defined to be rigid. 

The developed mathematical model was based on an inverse dynamics model of 

the lower body (Figure 43). Rather than computing constraint forces as an auxiliary 

process to the forward dynamics problem, this study used the inverse dynamics 

formulation which allows inputting the motion and outputting the corresponding forces. 

Additionally, the inverse approach is more stable than the forward solution model and 

replaces numerical integration of differential equations with repeated algebraic solution 

of linear equations. These advantages can make the inverse approach significantly 

faster and more robust computationally than the forward approach. 

The mathematical model of the lower extremity, derived during this study, was an 

open chain system with four bodies and three joints. Each simulation was customized to 

the specific patient by incorporating the structural properties and the subject specific 

motion. The present system employed AUTOLEVTM (Schaechter, 1988), (Kane and 

Levinson, 1999), (Autolev, 2003) for defining the system and a manipulated MatlabTM 

(The MathWorks, Inc. Natick, MA) based application to perform the symbolic algebra.  

The final results provided the three-dimensional interaction resultant forces and 

moments. Those kinetic values represented the vector sums of forces in muscles, 

ligaments, and capsules, forces on the joint-contact surface, and the moments 

engendered by those forces. There are more unknowns than equations of motion, which 
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makes the problem indeterminate. Therefore, the model was simplified by grouping 

functionally similar hip muscles, applying the reduction technique. Details on the method 

of calculating the contact forces for normal have been reported previously (Komistek et 

al., 1994, 1998; Dennis et al., 1996; Komistek, 2005). Additions were made by including 

the key components of the quadriceps mechanism: patella ligament, quadriceps 

muscles and the patello-femoral interactive forces.  Also integrated in the model were 

the hip capsular ligaments, which were modeled as springs (Glaser et al., 2007).  

In this way, the system included a whole dynamic chain from the foot through to 

the spine. Particularly, the foot, tibia, femur and pelvis were modeled as rigid bodies 

referred to as A, B, C, D, ground was fixed and treated as the stationery Newtonian N 

reference frame and the patellar ligament, patella and quadriceps were modeled as the 

frames referred to as L, P and Q similarly to the ligaments of the hip capsule (Figure 

43). The coordinate system was setup at the mass center of each analyzed body. The 

reference axes were oriented anterior-posterior (AP) and superior-inferior (SI) directions 

referred to as 1> and 2> directions in free body diagram, whereas the medial-lateral 

(ML) direction, here axis 3>, was pointing out of the frame (Figure 43).  One whole step 

from toe-off to toe-off was simulated.  

In the 3D space six equations of motions can be formulated for each body, three 

for the translations and three for the rotations around each axis. The presented model 

included four rigid bodies and a maximum of 24 equations of motions were used for 

solving for the same amount of forces and torques. The Forces FA1-3 in the Ankle, FK1-3 

in the Knee, FH1-3 in the Hip and FS1-3 in the spine and the related torques were solved.   
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Since the multi-body model has to hold interconnected bodies together and 

maintain the pertinent constraint conditions, seven constraints equations were 

embedded into the equations of motion. The ligaments were computed as part of the 

simulation and fed back as appropriate constraint forces. The constraints associated 

with the joints of a mechanism that are not broken during the simulated activity are 

embedded while the constraints associated with a rolling or sliding contact that are 

subject to change during simulation were treated by using moving contact points. The 

distal end of the femur was modeled as a rolling cylinder with equal radii on both 

condyles chosen to be the average radius of the femoral condyles in the sagittal plane 

and with a length equal to the width of the intercondylar distance. Only one contact point 

was considered between the femur and the tibia and no lift-off of one of the condyles 

has been allowed. The femur is assumed to roll along the AP direction. For the rotations 

at the hip joint, the values obtained from the 3D registration have been used as input. 

The center of rotation of the femur and the acetabulum was assumed to be the center of 

the femoral head. The contact forces were transmitted between both bodies through a 

moving contact point which is aligned with the assumed direction of the resulting force. 

A contact area was not considered and no contact pressure was calculated. The ankle 

was assumed to act as a hinge joint. The relative motion between the foot and the 

ground while in contact (stance phase) was assumed to be a rotation with progressing 

contact position. During swing, when the foot is off the ground, the progression of the 

foot is represented through a translation in the sagittal plane, in walking direction. 
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5.3.1 Model inputs 

The inverse dynamics model was derived for the purpose of solving for all 

significant leg forces and torques that are used to generate the prescript space-time 

motion. For this reason, the joint kinematics )(tqi  for i=1,..,4 has to be input into the 

simulation, since they describe the state of the leg at every instant of time t.  

5.3.2 Rotation angles 

The rotation angles were obtain from the fluoroscopy video at heel strike, 33% of 

mid-stance, 66% of mid-stance, toe off, and four images were taken during the swing 

phase.  The kinematics of the knee and hip were obtained from fluoroscopy. Those for 

the foot and ankle were assumed based on observations. The angles of rotation for the 

foot with respect to the ground and the ankle were approximated based on observations 

(Figure 44 - Figure 45). The angle of rotation of the knee was obtained from fluoroscopy 

data for a healthy subject (Figure 46). The angle of rotation of the hip was obtained from 

fluoroscopy data for the THA subjects under investigation (Figure 21 - Figure 23). 

Because the motion data was obtained on different subjects it needed to be scaled in 

the time, so that the gait activity, which represents one whole step (from toe-off through 

heel-strike to toe-off), is identical for all joints. There was no data available for knee 

subjects for the swing time. The knee rotation of this time period needed therefore to be 

approximated.  

The angles of rotation in N3> direction for the foot with respect to the ground and 

for the ankle were assumed and were not based on real fluoroscopy data, while the 
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other rotations were assumed to be zero. The angles of rotation for the knee for the 

stance phase were obtained from fluoroscopy data for a TKA subject. The N1> rotation 

was assumed to be zero; since it was assumed that lift-off of the condyles did not occur. 

The angles of rotation of the hip were obtained from fluoroscopy data of the THA 

subjects.  

A ground reaction force FAN (GRF) was applied as an external force at the 

contact point of the foot with the ground. All equations for the vertical and horizontal 

components were formulated based on recorded force data, taken specifically for each 

patient while performing one step on the fixed force plate. For the swing phase the GRF 

was added as zero (Figure 47). 

The relative joint kinematics obtained from fluoroscopy and the ground reaction 

force data were curve-fit using piecewise functions as splines of order three or higher 

with the least sum square error. Those functions were entered into the mathematical 

model as input for the simulation. The developed model gives an accurate 3D 

representation of the in-vivo kinematics and kinetics for subjects after THA for gait, 

ensuring that the soft-tissues and interactive forces were modeled correctly.  

Only principle moments of inertia were included for each of the rigid bodies. All 

other inertia values were assumed insignificant. A left human leg from our extensive 

Computer Tomography scan data collection, which was similar to the size and shape of 

the subject tested, was used to determine bone mass centers, as well as the origin and 
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insertion position of the ligaments and muscles (Glaser et al., 2007). Segment inertia 

parameters were obtained from a study done by De Leva (1996). 

5.3.3 Moving contacts 

A moving contact point between the foot and the ground was defined, 

representing the change of the position of the foot during the gait cycle. In the period 

between heel-strike (HS) and toe-off (TO) the foot is in contact with the ground and the 

contact point is moving from the heel to the ball of the foot (Figure 48). The initial 

contact point is on the heel and is defined as AN0. The foot progression is the 

translation of the foot in the walking direction while swing phase of gait when the foot is 

not in contact with the ground. A step length of 0.5m has been assumed for all patients. 

According to the biomechanical feature of the knee and hip, moving contact 

points between tibia/femur and femur/pelvis were defined, since the femur is sliding 

posterior-anterior during knee flexion and extension involved into the gait cycle. For the 

knee joint the minimum distance between the tibia and femur in the sagittal plane of the 

fluoroscopic images was found for each increment of time during the stance phase. 

Those points were then evaluated with respect to the central axis of the tibia and the 

femur, respectively (Figure 49 - Figure 54). After curve-fit, the generated equations were 

used as a translational input of the contact position into the model. 

The moving contact point of the hip joint is measured from the center of the 

femoral head and is pointing in the direction of the resulting hip force (Figure 55 - Figure 

58). 
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5.3.4 Muscles and ligaments 

The quadriceps was attached to the pelvis and the location of the interaction on 

the pelvis was obtained from CT scans of a female subject. The rotation of the 

quadriceps with respect to the patella and the orientation of the patella with respect to 

the patellar ligament were obtained from the defined geometry based on change of the 

position vectors (Figure 59). Since the system of the patellar ligament, the patella and 

quadriceps builds a chain without external forces and with insignificant small inertia, 

only one unknown has to be calculated from the available equations of motion, while the 

other resulting forces can be simply extracted from the geometrical orientation (Figure 

60). When the quadriceps force (F_QD) is calculated and therefore considered as given, 

the patellar ligament force (F_PL) and the force applied from the patella on the femur in 

normal direction (F_PT) can be calculated with the following equations: 

)3cos(
)3cos(*__

QLP
QPQQDFPLF =  

)3sin(*_)3sin(*__ QPQQDFQLPPLFPTF +=  

with F_QD = Quadriceps force 

 F_PL = Patellar Ligament force 

 F_PT = Normal force between patella and femur (in 1> 

direction) 

 QPQ3 = Angle between the patella and quadriceps in 

the sagittal plane (Figure 60) 
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 QLP3 = Angle between patella and patellar ligament in 

the sagittal plane (Figure 60) 

The force applied from the patella on the femur in 2> direction was calculated 

based on principles of friction and was directed in the opposite direction of the resultant 

force acting on a body: 

μ*_2_ PTFCPF =  

with  F_CP2= Force in 2> direction on the femur due to the 

contact interaction with the patella 

μ = coefficient friction 

F_PT = Normal force between patella and femur (in 1> 

direction) 

The hip ligaments were modeled as springs (Glaser et al., 2007). For the hip 

capsule (Figure 61), the illiofemoral ligament was built out of 2 fibers (kA1= 97.8 N/mm 

and kA2 = 100.7 N/mm) and the ischiofemoral ligament out of 6 fibers, each with a 

stiffness of kP = 6.15 N/mm resulting in a overall stiffness of 36.9 N/mm (Figure 62). A 

study done by Hewitt (2002) quantified the values of the stiffness coefficients for the hip 

capsular ligaments via tensile tests on cadaveric specimens, which were subsequently 

utilized in the present model.  The forces of the hip capsular ligaments were calculated 

based on their change of length with respect to time, which was obtained from the 

relative position of the bodies using position vectors. The attachment points on the 

femur and pelvis are fixed in the C and D coordinate system, respectively. The minimum 
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length was assumed to be the unscratched length of each ligament. Ligaments as well 

as muscles act only under tension and cannot apply a compressive force.  Therefore 

care was taken that no muscles or ligaments resulted in a negative (compressive) force 

at any time during the calculations. Some previous research has suggested that 

ligaments respond to loading in a nonlinear pattern.  In the present study ligaments 

have been considered as linear springs because slow gait, examined in the study, 

belongs to the normal daily activities. Since ligament forces are considered to be in their 

physiologic phase during simple unexacting activities, it was assumed to have linearity 

to predict ligament forces in the mathematical model.    

Ligament forces were calculated using position vector information and then input 

as restrictive forces in the mathematical model. 

5.3.5 Kane’s dynamics 

Kane’s method was chosen among the different available techniques for 

formulating equations of motion for multi-body systems, because of its relative ease of 

computer based automation and its computational efficiency. Efficiency here combines 

the possibility to produce equations with the fewest symbolic operations as well as such 

equations that require the fewest numerical operations for their solution. Using Kane’s 

method and Autolev, a program to symbolically define multi-body dynamic systems and 

outputs FORTRAN, Matlab and C source code containing the equations of motion, an 

effective method of defining and solving the multi-body differential equations has been 

applied. 
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For both, the Kane’s Dynamic Method and the Newton-Euler approach, the first 

step is to derive expressions for the velocity and the acceleration of each rigid body in 

the system. Along with geometrical information, the known kinematics enable the 

velocities and accelerations of all the important points (with mass and where forces are 

applied) within the system to be computed. The velocities and accelerations { )(),( tqtq ii &&& } 

were obtained from differentiation of the position vector )(tqi since the initial conditions 

{ )0(iq , )0(),0( ii qq &&& }, i=1,..n are known.  

Since the leg geometry and the joint variables ii qqq &&& ,, are known or can be 

obtained through mathematical calculations, the angular velocity ijω , the angular 

acceleration ijα , and the linear acceleration of the mass center *ia  of the ith body are 

obtained by using those of the (i-1)st body. The angular velocity ijω  is a vector that 

facilitates analysis of motions of the rigid body i in reference frame j: 

2
1

31
3

23
2

1 I
dt
dIII

dt
dIII

dt
dII AAAij ⋅+⋅+⋅=ω  

The angular acceleration ijα  of the rigid body i in the reference frame j is defined 

as the first derivative with respect to time of ijω : 

dt
d iji

ij ωα =  

The kinematical equations describe motions, but do not relate the motion to the 

forces and toques which determine the motion. The kinematical equations are complete 

when the velocities of all points affected by forces, and all accelerations of mass centers 
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are known. The kinematics of the system are much easier to describe using local 

reference frames affixed to each body rather than a global, Cartesian coordinate 

reference frame.  

Using direction cosines, any vector can be expressed in terms of the component 

vectors of the reference frames. Direction cosines also allow to work simultaneously in 

multiple frames without continual transformation of positions vectors, velocities and 

accelerations to a common reference frame. The dot products between unit vectors of 

different coordinate reference frames build up the elements of the direction cosine 

matrix. The transformation between two bodies in contact was derived using the Euler 

angles Rot(3>,θ3) - Rot(1>,θ1) - Rot(2>,θ2). In the matrices, Cθ1 represents cos(θ1), Sθ1 

represents sin(θ1), and similarly for the other subscripts: 
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Usually differential calculus is used to derive the dynamic equations. In a 

kinemetic chain of linked rigid bodies, a vectorized method of deriving the accelerations 

was applied using vector cross products. 
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To construct the dynamic model of the lower body system S, variables properly 

describing the configuration of S and variables that specify the location of a reference 

point and orientation of a reference frame fixed within each body of S were necessary to 

be defined. These variables may be called configuration variables and represent the 

generalized coordinates in Lagrange’s method. While the set of variables necessary to 

specify the location and orientation of each body relative to a common ground could be 

quite large, a set of generalized coordinates is reduced in number: 

)(*6 mMn +−< ν  

 with  ν = Number of bodies of S 

M = Number of configurations constrains 

m = Number of motion constrains. 

This resulted for the present problem of four rigid bodies building the leg system 

to 24 generalized coordinates.  

While Langrange’s method results in differential equations, Kane’s method 

implements generalized speeds (U) leading to significantly compacter equations. Those 

motion variables are defined as functions that are linear in the configuration variable 

derivatives. The number of independent generalized speeds that is required to describe 

the motion of the system in a particular reference frame is resulting in the number of 

degree of freedom (DOF) of the system in the given reference frame.  
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5.3.6 Equations of motion 

Based on Kane’s method of dynamics the system equations of motion were 

formulated. The basic equation for Kane’s method is derived from Newton’s 2nd law of 

motion: 

nrFF rr ,...,1,0* ==+  

The equation above defines the sum of generalized active (Fr) and generalized 

inertial forces (Fr*) for each generalized speed equal to zero, where 

amFr ⋅=*  

Generalized active forces (Fr) are a combination of the constrained and 

unconstrained generalized active forces, while the generalized inertial forces (Fr*) are a 

combination of the constrained and unconstrained generalized inertial forces of the 

dynamic problem. 
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with  r =  the rth degree of freedom 

n =   total number of degrees of freedom (here 24) 

N =   number of rigid bodies in the system (here 4) 

Ur =   the rth generalized coordinate 
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I =   referencing a body 

J =   coordinate of the fixed reference frame 

JVI
Ur =   partial velocity or partial derivative of the of 

change in distance between the position and mass center 

velocity vector in the rigid body 

JωI
Ur =  partial angular velocity or the derivative of the 

orientation of the rigid body 

FI =   resultant force acting on the body 

TI =   resultant torque acting on the body 

FI* =   resultant inertia force on the body 

TI* =   resultant inertia torque on the body 

Using position vectors, velocities, and angular velocities along with 24 equations 

of motion and the input from the kinematic data, generalized forces and generalized 

inertias were derived.  

5.3.7 Inertial parameters and dimensioning 

One of the main goals for the conversion to a fully functional three dimensional 

model was the integration of more accurate constants and dimensions.  In order to get 

more accurate dimensions a measuring method was implemented in the current project 
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including CT scans from the same segmented cadaver imported to Rapidform 2006 

(INUS Technology, Inc., Seoul, South Korea) three-dimensional scanning software, 

Figure 63.  Once each segment was aligned in the correct coordinate system it was 

dimensioned using a three-dimensional measuring tool.  The resulting dimensions can 

be found in Table 6. 

Segment inertia parameters were obtained from a study done by De Leva in 

1996 in which he used an improved gamma-ray scanning technique to obtain relative 

body segment masses, center of masses, and radii of gyration.  The equation used for 

the mass moment of inertia for a given segment was: 

2)()( rlmMI ⋅⋅⋅=  

with M =   body mass 

m =   % body mass of segment 

l =  segment length in the longitudinal direction 

r=  radius of gyration of the segment about the 

considered axis                      

The resultant segment inertias can be found in Table 7. The segment masses 

are summarized in Table 8. 
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Chapter 6  

Statistical Analysis 

The means of the kinematic and kinetic variables for the different implant groups 

were compared for statistical significance.  The variables were first tested for normal 

distribution using the Shapiro-Wilk W test.  Variables with normal distribution and equal 

variance were compared using the Student’s t-test to test for significant differences 

between each implant group. This statistical method could be applied since the groups 

analyzed were randomly selected (e.g. the selected samples were chosen to be 

independent from each other), so that the study resulted in an independent sample 

design.    

For the obtained kinematic data, student’s t-test with a risk level (α-level) of 0.05, 

which is especially adequate in estimating the mean of a population when the sample 

size is small, was used to test for significance between the groups. The selected 

samples were chosen to be independent of each other (e.g., individuals were randomly 

selected for each group). The statistical analyses were conducted using JMP (V7, SAS 

Institute Inc., Cary, NC, USA). 
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Chapter 7  

Results 

The relevant results from the 3D in vivo kinematics and kinetics of the different 

bearing groups are presented in this chapter together with the findings of the acoustical 

and vibrational analysis. 

7.1 Kinematics and Separation 

The kinematics was examined and the separation was diagnosed when femoral 

head sliding from the acetabular component occurred and measured greater than 

0.5mm. Twenty-four out of thirty-one patients were included in the kinematic and 

separation analyses. A detailed presentation of number of patients included in each 

analysis is shown in Table 9. Some patients were not included in the kinematic analysis 

due to the fact that the 3D CAD-models for the implants could not be obtained, either 

from the manufacturer or as retrievals for creating the CAD models through reverse 

engineering. 

From fluoroscopy, the obtained relative transformations represented the 

sequential rotation about the three orthogonal axes and displacement transfers starting 

from an initial position. The sequence order of the rotations was 3, 1, 2 with the axes 

defined in Figure 43. Rotation occurring around the 3-axis represented a pure 

flexion/extension. Rotation around the 2-axis was denoted as internal/external rotation, 
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although it must be noted that this rotation was around the first intermediate 2-axis. 

Similarly, the rotation around the 3-axis is not a pure abduction/adduction, but rather a 

rotation around the second intermediate 3-axis (Figure 64).  

Values representing the displacement of the femoral head component from the 

acetabular cup followed similar trends across the patient population. However, these 

separation values differed across the different bearing groups. The average separation 

and its variance between the subjects in each group are displayed in Figure 65 to 

Figure 67 for the each of the patient groups as well as for the hard-on-soft and hard-on-

hard groups.  

All subjects in this study, except for one subject having a ceramic-on-

polyethylene THA, experienced femoral head separation. All groups experienced a high 

incidence of separation. Significant higher separation magnitudes were observed for the 

metal-on-polyethylene group than for the two bearings with the lowest separation, 

ceramic-on-polyethylene and metal-on-polyethylene with polyethylene-inner-liner 

patients (p=0.01; Table 10).  The separation values along with the mid-range laxity 

during surgery and the number of patients that underwent capsular repair are shown in 

Table 2. 

The bearing group demonstrating the highest average maximum separation was 

metal on polyethylene articulation, with an average value of 3.9mm (1.4-5.6 mm).  Also, 

among all analyzed subjects, a patient with a metal-on-polyethylene articulating surface 

experienced the highest magnitude of separation, with a value of 5.6 mm. Interestingly, 
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the separation values never dropped to the state of no-separation and the separation 

values for each of the subjects in the metal-on-polyethylene group demonstrated 

multiple periods of rapid change during the stance-phase of gait (Figure 65a). The 

separation characteristics of each patient did not exhibit a trend over time, but instead 

appeared to represent a jerky motion. 

The metal-on-metal subjects also revealed a high average separation, with a 

value of 3.0mm (1.7-4.4mm).  This increased separation resulted mainly because of the 

large head prostheses groups which experienced on average large separation with 

values of 3.2mm (2.5-4.2mm) and 4.1mm (3.8-4.4mm), respectively (Figure 68). The 

large head implants are not fully spherical and edge contact of the inferior part of the 

head with the interior surface of the cup occurred during the gait cycle (Figure 69). This 

design lead to a hinge movement around this edge and resulted in high separation 

values. In this situation there is a true separation of the medial aspect of both contact 

surfaces, reducing the contact area to a small region along the rim. The femoral head is 

therefore pivoting on the peripheral rim of the liner and inferior edge of the femoral 

head.  

The ceramic-on-polyethylene group had, on average, relatively low separation 

values and these subjects demonstrated much less jerky motion. These subjects also 

demonstrated similar separation magnitudes during the stance and swing phases of gait 

(Figure 65b). Separation was routinely not present during heel strike and toe off.  
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The maximum separation in the group of the metal-on-metal polyethylene 

sandwich was 2.4mm (Figure 65c), occurring at heel-off, approximately at 20% of the 

stance phase of gait.  Similar to the ceramic-on-polyethylene group, minimal separation 

values were achieved slightly after heel strike and before toe-off. Interestingly, during 

the stance phase an additional minimal separation occurred for almost all analyzed 

patients. Therefore, this group exhibited a M-shaped trend. A correlation between the 

separation and abduction/adduction curves was observed, which explains the high 

separation values during the stance phase of the gait cycle (Figure 71). After heel-

strike, the analyzed leg was rapidly loaded and experienced an immediate change from 

adduction to abduction. This condition may have caused the femoral head to slide from 

the acetabulum component and lead to edge loading conditions, superolaterally. 

Interestingly, the group demonstrating very distinctive separation patterns was 

the large head metal-on-metal patients group (50mm+). In this group, there was a 

difference between the Zimmer and Biomet implants. Whereas, the trend of the patients 

in the Zimmer group followed a sinusoid shape with high separation values during 

stance phase, the Biomet large femoral head group experienced very high separation 

values during swing and toe-off, which decreased to a no separation condition during 

mid-stance (Figure 66a and b). In the metal-on-metal group with medium sized femoral 

heads (38mm), the trend was similar to the trend of the other bearings with small 

femoral heads (Figure 66c and Figure 65). On average, the subjects with a metal-on-

metal articulating surface and a medium femoral head experienced constant separation 

without any noticeable return to baseline during the entire gait cycle (Figure 66c). 
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Similarity to the other groups was also observed in the magnitude of separation which 

was much smaller compared to the groups with large femoral heads. 

The maximum separation observed occurred in a metal-on-polyethylene patient, 

with a value of 5.6mm.  On average the ceramic-on-polyethylene (2.1mm (1.0-3.4mm)), 

the metal-on-metal medium femoral head diameter (2.1mm (1.7-2.6mm)) and the metal-

on-metal polyethylene-sandwich (2.1mm (1.4-2.9mm)) groups achieved the same low 

separation magnitudes (Table 2). However, there was a difference in the intra-group 

variation with a much smaller standard deviation among the patients in the metal-on-

metal groups (Figure 68). A comparison of hard-on-hard bearings which included all 

metal-on-metal and ceramic-on-ceramic implants to all hard-on-soft bearings such as 

the metal-on-polyethylene and ceramic-on-polyethylene implants experienced similar 

average maximum separation values with a slightly lower value for soft bearings (Table 

2). It must be considered that the hard-on-hard bearings group, especially the metal-on-

metal patients with large femoral head diameter, negatively influenced the results for 

this group. It was apparent that the hard-on-hard group experienced a lower intra-group 

variation than the hard-on-soft group, which is even more prominent if the large head 

metal-on-metal groups were excluded. The only patient who experienced no separation 

had a ceramic-on-polyethylene implant. 

The position of maximum separation in the gait cycle revealed no trend among 

groups, as separation occurred throughout the entire gait cycle.  Also, the probability of 

occurrence of maximum separation was found to be the same during the swing and 

stance phases of gait (Figure 70). 
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7.2 Gait Analysis 

Among all patient groups with unilateral implants and all analyzed gait 

parameters (Table 4), the parameters that did not fulfill the previously established 

requirement for acceptable symmetry of ASI<10% was the swing time for the metal-on-

metal and ceramic-on-ceramic bearing groups, and the double support time for all 

bearing groups.  All implant groups revealed a negative symmetry index for the stance 

time parameter.  Negative SI represent higher values for the implanted leg when 

compared to the healthy one, but for all bearings the SI values for the stance time were 

under the threshold of 10%. The ASI for stance time and entire step time of gait were 

low, with values of 3.9% and 1.1%, respectively, suggesting near symmetry in these 

aspects of the gait cycle. The symmetry indices for the swing and double support 

phases of gait were higher, with averages of 9.7% and 13.6%, respectively. Only the 

hard-on-hard bearings exhibited asymmetry for the swing time greater than our 

threshold. For the double support time, both the hard-on-hard and the soft-on-hard 

bearings, revealed higher asymmetry values with more favorable results for the THAs 

with polyethylene liner. For the double support time, both the hard-on-hard and the soft-

on-hard bearings, revealed higher asymmetry values with more favorable results for the 

THAs with polyethylene liner. A significant difference between the ceramic-on-

polyethylene group and the metal-on-metal polyethylene sandwich group for the step 

length was observed. . There was no significant difference detected for all other groups 

and analyzed parameters. 
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The analysis of the gait parameters for the bilateral patients (Table 5) resulted 

surprisingly in relatively higher asymmetries for the most categories. Values 

considerably greater than the threshold were observed in the hard-on-hard group for the 

stance time with an ASI of 22%.  

7.3 3D Kinetics 

The forces acting in the leg were determined for a patient from each bearing 

group. The forces acting in the illiofemoral and ishiofemoral ligaments are acting almost 

antipodal because of their location on the anterior and posterior side of the hip capsule 

(Figure 72 - Figure 74). Interestingly, the ceramic-on-polyethylene group experienced 

very high illiofemoral forces but low ishiofemoral forces, whereas the metal-on-metal 

group showed almost the opposite trend (Table 11). The forces acting in the patellar 

ligament, quadriceps and patella are displayed for an example patient in Figure 75 and 

were similar in their pattern. A variation in the magnitude was observed with relatively 

low overall forces in the metal-on-metal with polyethylene-sandwich patient and higher 

forces in the metal-on-metal group. The results for the patella-quadriceps mechanism 

for all groups are summarized in Table 11. There are in some short time intervals 

negative forces, which is not possible since muscles and ligaments cannot act in 

compression. However, the negative values are small and can be neglected since it is 

not expected that the bearing forces have been negatively influenced by this artifact of 

the numerical calculation.  Also, these negative forces may be a result of the error of 

input data, such as the kinematics, leading to an error in force determination. 
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The interactive forces pertaining to the ground, the ankle and the knee are 

plotted in Figure 76. The patterns of all forces were similar to those of the applied 

subject specific ground reaction force, with increased force magnitude as one moves 

upward from the ground to the spine (Table 11). We hypothesize that this occurred 

because of the increased muscle activity at the different joints. Ankle forces were 

determined to be around 10% higher than the ground reaction forces, whereas knee 

forces were approximately 40% higher compared to the forces acting at the ankle. The 

highest forces occurred at the hip interaction, which were in general, around 50% higher 

than the knee forces (Table 11).  

The hip bearing contact forces for the patients in the different bearing groups are 

displayed in Figure 77. The maximum peak force of 2.9 BW and 2.8 BW were found for 

a metal-on-metal and a ceramic-on-polyethylene patient, respectively, while the metal-

on-polyethylene and the metal-on-metal polyethylene-sandwich patients attained lower 

maximum peak forces of 2.65 and 2.5 BW, respectively. The only patient who didn’t 

experience the typical M-shaped curve for the forces was the metal-on-metal with 

polyethylene inner liner. All patients except the ceramic-on-polyethylene experienced 

the maximum peak force during the loading response which is in the first 33% of the 

stance phase. For the ceramic-on-polyethylene patient the second peak was more 

dominant than the first.  

For all subjects the maximal forces in the joints occurred at around 33% and 66% 

of the stance phase, which might be due to the influence of the limb loading and the 
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joint position. Additionally, influences are to be expected from the momentum which 

appears to be a major contributor to the resultant joint reaction forces. 

7.4 Ground Reaction Forces 

After processing and evaluating the ground reaction forces collected during the 

experimental sessions, for the entire gait cycle, the desired parameters in each of the 

three mutually perpendicular directions were extracted (Table 12 - Table 14). The 

average ground reaction forces as well as the intra-group variation of the different 

bearing surface groups are displayed in Figure 78 - Figure 82. The results of the 

statistical analysis are represented in Table 14.The ground reaction forces in the vertical 

direction followed, for all patients, the typical bell-shaped curve. However, some 

patients expressed a vertical force with two peaks (M-shape) and others expressing a 

pattern with a single, flat region during the stance phase or with three or more peaks.  

The groups with hard bearings had a higher occurrence of three or more peaks than 

groups with soft bearings, with 76% and 50% of the vertical GRF curves having three or 

more peaks, respectively.   

The maximum vertical GRF (Table 16) observed occurred in a patient with a 

COP implant, with a force of 1.31BW occurring at 75% of the stance phase.  The 

bearing group with the lowest average maximum peak vertical GRF was MOM.  

The shortest average time to the first vertical peak force (Fz1) was observed in 

the MOM-PS group to be 29% (19-34%), and the highest was observed in the COP 
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group to be 36% (33-39%), with the difference categorized as statistically significant 

(p=0.02*).  Additionally, Fz1 was significantly lower in hard bearings than soft bearings 

(p=0.03*).  The shortest average time to the MS force (Fz3) was observed in COC 

patients to be 48% (45-53%), which was significantly lower than the average values 

observed in MOP to be 57% (50-68%) and COP to be 55% (51-60%) patients (p=0.03* 

and p=0.04*, respectively).  There was no statistical significance when comparing the 

first peak force (Fz2) and the MS (Fz4) force for each group. The lowest average time to 

the second peak force (Fz5) was observed in COC patients to be 69% (58-76%).  This 

time was significantly lower than that observed in MOP to be 76% (74-79%), COP 77% 

(75-80%), and MOM-PS 77% (73-82%) patients (p=0.02*, p=0.01*, p=0.01*, 

respectively).  The largest average second peak force (Fz6) was observed in the COP 

group with 1.03BW and resulted to be significantly different than the force in the MOM 

group (p=0.047*).       

The lowest average loading rate was observed in MOP patients, with a value of 

2.36BW/s (2.01-2.57BW/s).  The overall lowest loading rate was observed in a MOM-

PS patient, with a value of 1.40BW/s.  Interestingly, the MOM-PS group also had the 

highest average loading rate, with a value of 4.58BW/s.   

The highest average push-off rate was found to occur in the COP group with a 

value of 5.79BW/s (3.80-8.24BW/s), which was significantly higher than the COC group 

3.17BW/s (1.90-5.65BW/s) (p=0.033*).  The overall highest observed push-off rate 

occurred in a MOM-PS patient, with a value of 9.92 BW/s.  The lowest observed push-

off rate was noted in a COC patient, with a value of 1.90  BW/s.   
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The average maximum breaking force (Fx4) in the MOP group was significantly 

lower than the MOM and the MOM-PS group (p=0.0288*, p=0.0071*, respectively).  The 

COC group had the lowest average maximum propelling force (Fx5), which was 

significantly lower than the group with the highest, MOM-PS 0.16BW (p=0.0265*).  One 

COP patient exhibited an abnormal pattern for Fx4 and Fx5.  All anterior-posterior 

results can be seen in Table 13.  The value of Fy2 for the COP group was the highest of 

all groups analyzed 39%, while the MOM-PS and COC groups were the lowest with 

around 30%.  One patient with a MOM large head prosthesis did not exhibit the medio-

lateral peak at Fy4.  All medio-lateral results can be seen in Table 14.   

Since each patient was asked to perform the activity with their chosen speed and 

a comfortable step length, there was a difference in the total time of the entire step 

(Table 17).  However, the swing phase for most of the groups was around 30% of the 

total gait cycle time and there was no difference between the hard and soft bearing 

groups.  

7.5 Correlation of Separation with Sound and Vibration  

The sound signals were examined and compared to the kinematic findings 

(Glaser et al., 2008). The sound and accelerometer results for each patient differed in 

magnitude and pattern. The spectrograms of distinct sounds for each of the patients 

were used to assess frequency excitation (vertical axis) with respect to time (horizontal 

axis) (Figure 83, right side). 



 

Chapter 7: Results  Page 118 

The sound results for each patient differed in magnitude and pattern. 

Interestingly, there was a distinct correlation of a high frequency sound occurring at the 

time when the femoral head slid back into the acetabular component. As the femoral 

component impacted the acetabular cup, the sound sensor revealed a high frequency 

sound, representing impact conditions (Figure 83, left side). A thud or “clicking” sound 

was detected for the subject having a metal-on-polyethylene bearing (Figure 83A). 

Similar, but much more accentuated, was the sound recorded for the ceramic-on-

polyethylene patient. Clear and rich “clicking,” combined with some crepitus, was 

observed for the subject having a metal-on-metal polyethylene sandwich THA (Figure 

83C). The subject with a metal-on-metal THA experienced a sound similar to a “rusty 

door hinge” (Figure 83D). Ceramic-on-ceramic THA subject experienced a “squeaking” 

sound with certain alterations which was present throughout the entire gait cycle. The 

ceramic-on-ceramic articulations were considered to be the nosiest, not in terms of 

amplitude but in terms of sound development over the entire gait cycle. The only subject 

in this study (with a ceramic-on-polyethylene THA), who did not experience femoral 

head separation was the only subject without sound generation during the entire gait 

cycle. Only background noise was audible for this subject, even with very high signal 

amplification.  A list of sounds for each implant type is presented in tabular form for 

comparative purposes (Table 18) (Glaser et al., 2007). 

In all patients, a knocking sound was observed when the femoral ball contacted 

the acetabulum. This sound is easily identified by its high amplitude (time domain) and 

high energy (spectrogram) over a small time interval. Squeaking and rolling sounds 
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were detected when intensive back and forth movement of the femoral head was 

observed (Glaser et al., 2007).  

None of the patients experienced impingement between the neck and the rim of 

the components during the analyzed activity. 

7.6 Vibration Analysis 

As described in the previous chapter, correlation between the acceleration signal 

and the separation characteristics was observed for all analyzed patients. The impact of 

two objects led to impulse loading conditions. By executing a gait activity, an impulse 

was generated when femoral head sliding lead to the impact of the femoral head in the 

acetabular component and was depicted by the attached accelerometers (Figure 84). 

While under impact loading conditions, the energy is dissipated through propagating 

vibration, where the frequency of the resulting vibration was determined using the 

natural frequency of the component parts.  

This condition was used to find the in vivo natural frequencies of the hip joint 

system. The acceleration data was converted into the frequency domain and the 

frequency content was analyzed. The accelerometer signals (Figure 85) were used to 

examine bone and implant frequencies and to determine distinctive patterns during hip 

separation. A FFT program analysis calculated the frequencies and differences between 

the bearing surfaces were found. The frequency results for the femur in our present 
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study were then compared to previously published data (Table 19). There is no known 

published data on the natural frequencies of the pelvis.  

The vibration signals, for example patients, are shown in Figure 85. The energy 

released during the transition from static to dynamic friction was transferred to audible 

sound. The results were usually too noisy to read if a DFT was performed on the entire 

signal prior to filtering the frequency content (Figure 86). Therefore, important areas of 

the signal, that could represent effects of interest such as impulses and resonance, 

were isolated (Figure 87) and analyzed separately (Figure 88).  Several intervals per 

subject were chosen and evaluated in a similar manner.    

Interestingly, it was found that certain frequency ranges were excited for all 

implants; however, for some patients and/or implants, certain frequencies were not 

present. The reason for this finding may be due to the different bearing surfaces having 

variable frequencies which were amplified while others remain insignificant. 

The magnitude of the vibration found in the subjects when the femoral head 

separates from the acetabular cup was much larger than for the subject without 

separation.    

The short time Fourier Transforms for a patient in each group are displayed in 

Figure 83. From the signal in the time domain (Figure 83, left side) and the STFT signal 

(Figure 83, right side) it was apparent that the click exhibit in the joint produced 

synchronous impulses in the time domain. In the technical sense, impulse is a physical 

quantity, referred to a fast-acting force so that the change in momentum produced by 
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the force happens with no change in time. In reality this is usually interpreted as a high 

impact forces, occurring over a very short time interval. This resulted in a step change, 

represented as a fast collision similar to knocking or clicking events. Those signals were 

generally pulses, characterized by a waveform, representing a decaying sinusoid with a 

very short duration in time and high amplitude peaks (Figure 87). During an impulse 

signal, high energy was observed in the STFT, where a large band of frequencies was 

excited (Figure 83, right side). The frequency spectrum of the click was consistent 

through the patients, although there was an expected variation in the energy content. 

Another type of waveform was observed in the metal-on-metal patients (Figure 89, 

Figure 90) and resulted in a ‘rusty door hinge’ signal after transformation to audible 

sound. The pseudo-spectrum was used as an indicator of the presence of sinusoidal 

components in the signal (Figure 91). The repeatable signal and its sub-harmonics were 

much better analyzed visibly than in the standard Fourier Transform.  

The frequency content and the transfer function for the ‘rusty door hinge’ signal 

waveform, calculated for this period of time, are displayed in Figure 92. The creptus was 

identified as synchronous outbursts of waveforms with lower level when compared to 

the clicking and knocking events (Figure 93). The wavelet analysis functions for those 

signals are shown in Figure 94 and Figure 95. 

The wavelet analysis pictures are representations of wavelet coefficients of the 

vector S(b,a) on the open (b,a) half-plane. The a-axis is directed upwards , ensuring 

that the low frequencies (high scales) remain above the high frequencies. The positive 

b-axis is directed to the right and represents the time in number of samples: 
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Fstscaleb ⋅=−  

with t  = Time in seconds 

 Fs = Sampling frequency in Samples/second 

The convergence of the straight lines to one point and the repeatability of the 

signal can be easily observed from the wavelet analysis graphs.  

Different signals of the accelerometers on the femur and pelvis, their transfer 

function and the wavelet analysis function are displayed in Figure 96 - Figure 104. 

For one example signal, the original and noise-suppressed functions as well as 

the approximation and detailed coefficients before and after denoising, are displayed in 

Figure 105.  For the same signal the wavelet tree and the coefficient on level (3,1) are 

shown in Figure 106. 
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Chapter 8  

Discussion 

Total Hip Arthroplasty (THA) is considered to be an effective procedure routinely 

performed to alleviate pain and loss of function associated with conditions such as 

osteoarthritis by replacing the hip joint with prosthetic components (Garino and 

Vannozzi, 2006; Garrellick et al., 1998).  More than 200,000 THA procedures are 

performed annually in the US, and clinical studies indicate an 80% success rate at 20 

years (AAOS, 2008; JISRF, 2008, Berry et al., 2002b).  Despite the success of THA 

procedures, there are still instances of failure. The major complications following total 

hip replacement that require revision are implant loosening (Garcia-Cimbrelo et al., 

1997; Ilchmann, 1997; Numair et al., 1997; Taylor et al., 1997), dislocation, instability, 

fracture (Kavanagh, 1992; Kavanagh et al., 1985) and infection (Fiedler and O’Brien, 

2003), as well as premature polyethylene wear (Bono et al., 1994; Gross et al., 1997; 

Devane et al., 1997; Sochart et al., 1997).   

Various implant bearing surfaces are currently used in THA procedures to 

maximize the longevity of the implants and reduce implant failure rates by minimizing 

wear, subsequent osteolysis and implant loosening (Harris, 2001; Archibeck et al., 

2000; Learmonth et al., 2007; Wagner et al., 2000).  Cross-linked ultrahigh-molecular-

weight polyethylene has been developed to decrease the number of wear particles 

(Muratoglu et al., 2001), while hard-on-hard bearing surfaces have been implemented to 

eliminate the need for polyethylene all together and to further decrease the wear rates. 
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Metal-on-metal and ceramic-on-ceramic bearings have shown lower wear rates 

compared to polyethylene bearings but are subject to metal alloy and corrosion particles 

(MacDonald, 2004) or ceramic fracture (Hannouche et al., 2003). 

While different bearing surfaces produce varying wear rates, all bearing surfaces 

are subject to some degree of wear and femoral head separation (Learmonth et al., 

2007; Wagner et al., 2000; Garino, 2004; Dennis et al., 2001, 2006; Komistek et al., 

2002, 2004; Lombardi et al., 2000).  Comparing separation values of the femoral head 

from the acetabular component for a variety of commonly used THA bearings gives 

valuable information regarding the performance of the hip implants in vivo.   

The present study investigated hip joint kinematics and kinetics of patients 

implanted with different bearing surface THAs during post-operative gait, and evaluated 

the influence of the bearing material combination on those parameters. The investigated 

bearings in this study performed differently, possibly due to unequal surface finishes 

and the cohesion reaction between the acetabular component and femoral head, which 

led to the conclusive presumption that those groups may have distinct post-operative 

gait characteristics. Previous studies have shown that metal-on-metal THAs experience 

lower separation than subjects implanted with metal-on-polyethylene prosthesis 

(Komistek et al., 2002) and that patients with THA, having a polyethylene liner 

experienced higher separation than those with metal or ceramic liners (Dennis et al., 

2006). Therefore, it was hypothesized that the bearing material combination would have 

an effect on the gait kinematics and result in altered hip separation values and hip 

contact forces, when subjects with different bearings are set directly in to comparison. 
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The chosen surgeon in this study had similar experience implanting each of the different 

THA designs and bearing material combinations. Many other parameters were matched 

between the analyzed groups to reduce the influence of confounding variables on the 

results and to allow for reliable interpretation of the results.   

Countless research studies and many different methods have been employed to 

analyze kinematic and kinetic performance of implanted and healthy joints. Researchers 

have utilized in vitro cadaveric (Anglin et al., 2008; Robertson and Kelly, 2008), skin 

markers studies (Soutas-Little et al., 1987; Andriacchi et al., 1998) and in vivo roentgen 

stereophotogrammetric analysis (RSA) (Börlin et al., 2006; The et al., 2008) to predict 

human joint motion. Telemetric studies were applied to find invasively joint forces under 

in vivo conditions (Bergman et al., 2001; Davy et al., 1988; Taylor et la., 1997, 2002). 

Video fluoroscopy and mathematical modeling have proven to be highly accurate, non-

invasive techniques for the examination of 3D in vivo kinematics (Dennis et al., 1996, 

2001, 2006; Komistek et al., 2001, 2002; Mahfouz et al., 2003) and kinetics (Komistek 

et al., 1994, 1998, 2005; Glaser et al., 2007) of implanted or healthy joints and have 

been successfully deployed for more than 20 years.   

The previously applied methods are precise, but often involve invasive 

approaches that are too complex and/or time intensive to be effectively applied for 

routinely clinical evaluation of THA performance. Therefore, the development of 

replicable, easy to implement, and non-invasive techniques is essential to facilitate a 

reliable evaluation of joint performance and clinical outcomes on a routine basis. The 

present research involved in addition to the mechanical analysis of THA patients with 



 

Chapter 8: Discussion  Page 126 

different bearings the development of a non-invasive acoustic and vibration analysis 

technique for more in-depth evaluation of in vivo hip conditions.     

8.1 Kinematic Analysis 

Recently, studies also found that femoral head sliding between the acetabulum 

cup and the femoral head, often referred as separation, does occur, which may also 

play a role in complications observed with THA today (Dennis et al., 2001, 2006; 

Komistek et al., 2002, 2004; Lombardi et al., 2000; Northcut, 1998).  Premature 

polyethylene wear as a significant cause of THA failure, may be due to increased 

impulse loading conditions caused by the decrease in contact area as a result of the 

femoral head sliding (Dennis et al., 2001, 2006; Komistek et al., 2004, Northcut, 1998). 

Femoral head sliding was analyzed with the expectation to reflect differences 

between the THA designs and bearing combinations, as well as to provide a reference 

for the developed acoustic and vibrational technique for THA evaluation. The hip joint is 

often described as a ball-socket joint; however, the true motion of the joint deviates 

when femoral head sliding occurs. Typically, during separation, the large, uniform 

contact area between femoral head and acetabulum shifts to undesirable edge loading 

conditions between both components.  In this situation there is a separation of the 

medial aspect of both contact surfaces, reducing the contact area to a small 

superolateral region. Therefore, the femoral head is often pivoting on the peripheral rim 

of the liner in extreme cases of hip separation. 
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A possible concern is that the impact following separation leads to increased 

loading conditions on the affected side which may cause increased wear and slowed 

recovery (Northcut, 1998). This assumption is supported also by various telemetric 

studies (Bergmann et al., 1997, Bergmann et al., 1993, Hodge et al, 1986, Taylor et al., 

1997). The impulse generated by the collision of two objects has been shown to 

potentially compromise the structural integrity of mechanical components (Seireg and 

Arvikar, 1973) and may lead to premature component loosening and increased wear.  

Additionally, the long term effects of the correspondingly altered kinematics and kinetics 

on the intact limb are also unknown (Hurwitz et al., 2001). 

It cannot be definitively proven, that separation present in the hip joint will lead to 

undesirable conditions.  However, it is a fact that in subjects with normal hip joints or 

those implanted with a constrained THA experience, no femoral head sliding from the 

acetabulum occurs (Dennis et al., 2001, Northcut, 1998).  Additional evaluations of 

subjects implanted with metal-on-polyethylene THA designs during gait similarly 

experienced femoral head sliding as had been noted during an abduction-adduction 

maneuver (Komistek et al., 2002, Lombardi et al., 2000).  These results suggest that 

patients implanted with an unconstrained metal-on-polyethylene THA are subjected to 

inertial forces that produced sliding of the femoral head from the acetabular component 

during several different dynamic activities. 

In the normal hip joint, maintenance of the femoral head within the acetabulum is 

provided by several soft tissue structures which support the hip joint.  During THA, the 

ligament of the head of the femur is surgically removed and a portion of the remaining 
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supporting soft tissue structures are transected or resected to allow surgical exposure. 

Due to the altered stabilizing soft tissue it is logical to assume that the kinematics of the 

implanted hip may differ from those of the normal hip. Separation of the femoral head 

from the acetabular component is potentially detrimental and may play a role in 

complications observed with THA today, including instability, premature polyethylene 

wear, and prosthetic loosening.   

Wear patterns generated in hip joint simulation devices based on telemetry 

(Bergman et al., 1997; Davy et al., 1988; Taylor et la., 1997) and mathematical 

modeling (Brand et al., 1982; Komistek et al., 2005; Komistek et al., 1998) do not 

accurately recreate wear patterns as they are seen in retrieved implants (Clarke et al., 

1997; McKellop et al., 1984; Saikko et al., 1993; Wright and Scales, 1977; Seireg and 

Arvikar, 1973a, b).  However, when separation is implemented in the THA simulators, 

wear patterns generated in vitro are consistent with wear patterns from retrieved 

implants (Nevolos et al., 2000), which indicates that separation may have an effect on 

wear patterns in vivo. 

Previous studies have determined that femoral head separation occurred in all 

subjects implanted with a metal-on-polyethylene THA (Dennis et al., 2001, Komistek et 

al., 2002, Lombardi et al., 2000), however lower incidence of separation was observed 

in other bearings (Dennis et al., 2006). The subjects in the present study experienced 

high separation values regardless of the bearing combination. The average and 

maximal magnitude of the femoral head separation was similar to published data except 

in the case of the metal-on-metal implants (Dennis et al., 2006, Komistek et al., 2002). 
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The difference may be due to the fact that those studies included metal-on-metal 

implants with a small or medium femoral head diameter. In our study, the large head 

metal-on-metal THAs experienced larger separations than the medium diameter 

implants. Also, subjects analyzed in those studies having a metal-on-metal THA were 

analyzed very early post-operative, and over time, it could be assumed the incidence 

and magnitude of hip separation increases. 

 In the present study, a significantly higher magnitude of hip separation was 

observed in the metal-on-polyethylene group. This group also experienced the largest 

intra-group variation among the patients suggesting quite inconsistent results when 

compared to the other groups. The patient with the overall maximum separation 

magnitude found in this study was also a patient implanted with a metal-on-polyethylene 

THA. The subjects with large head metal-on-metal also experienced high separation 

and demonstrated undesirable gait kinematics. These results may be due to the design 

of the femoral head and are probably less representative for the metal-on-metal group. 

Interestingly, all groups of THAs with polyethylene liner achieved the same average 

separation. The variation among the patients in each group was smaller for the hard-on-

hard bearings group when compared to those with polyethylene liners group. 

Initially, separation was thought to arise only during non-weight bearing activities, 

such as the swing phase of gait. A high incidence and magnitude of hip separation 

during the stance phase of gait was later also proven to occur (Dennis at al., 2006). Our 

study showed that separation can be equally likely present during swing as well as 

stance phase of gait. It appears that the acetabular component slides away from the 
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femoral head probably as a result of the change in the abduction-adduction angle and 

the applied forces while under weight bearing. It is logical to assume that the 

disturbance of the capsular ligaments as well as of the ligament of the head of the femur 

may alter the stability of the hip joint. As the pelvis progresses forward, the supporting 

soft-tissue structures around the hip joint maintain the femoral head within the 

acetabulum in the normal hip. The altered muscle and ligament structure of a THA 

patient may allow the femoral head to separate from the acetabulum as the upper body 

progresses forward and an increased momentum is created around the medio-lateral 

axis. 

8.2 Gait Analysis 

The analysis of gait parameters pertaining to the symmetry between implanted 

and non-implanted hips is important if we are to understand the level of recovery and 

identify abnormal gait patterns. Furthermore, the identification of abnormal gait 

characteristics is important in the evaluation of implant performance. 

For the step and stance time parameters, the ASI values for all unilateral patient 

groups and analyzed parameters were lower than the adopted threshold. This indicates 

a symmetrical performance of both legs as observed in healthy subjects. Asymmetrical 

values were observed during the double support time. The average SI for the stance 

time and all patients in this study was determined to be -1.7% and was lower when 

compared to the previously published value of 3.53% (McCrory et al., 2001). This may 

be a sign of more complete recovery or better performance of the implants for the 
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subjects included in this study.  Interestingly, the symmetry values for the stance phase 

determined for this study were negative, meaning the time for stance was longer in the 

affected leg, when compared to the healthy leg.  This is in disagreement with the 

positive value for the stance-phase symmetry index determined by McCrory (McCrory et 

al., 2001). Different values for the stance time between the implanted and healthy leg 

may indicate balance impairments. The increased stance time of the implanted side 

may be attributed to balance control.   

8.3 Kinetic Analysis 

Only limited studies have been performed on calculating in-vivo hip joint contact 

forces, including additional muscle and ligaments forces (Callaghan et al., 1992; Brand 

et al., 1994).  Previous studies have been performed using computer models to predict 

muscle and joint reaction forces, but these methods have not been successfully 

validated against in-vivo data and often led to predicted force magnitudes which were 

much larger than those obtained from telemetric measurements (Winter, 1990).  

Therefore, the goal of this portion of the study was to develop a mathematical 

model for the hip joint that accurately represents the in-vivo loading conditions of THA 

patients and, at the same time, considers the relationship between muscle and joint 

forces (Glaser et al., 2007). The developed mathematical model was capable of 

determining in vivo joint reaction forces at the hip, knee and ankle joints during gait for 

subjects implanted with different bearing surfaces. The mathematical model of the lower 

extremity was defined as a set of differential equations that represents the dynamics of 
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the system. Kane’s dynamics (Kane et al., 1985, Kane and Levinson, 1996) was applied 

to simplify the mathematical model and to optimize its performance. This mathematical 

technique allows solving of a large number of variables through the use of generalized 

speeds that describe the motion in the system and builds compact, customized and 

computationally efficient ordinary differential equations. 

The developed mathematical model was based on inverse dynamics where the 

kinematics are used as an input to the system and forces are calculated based on the 

mathematical formulations of the motions. Precise kinematics was obtained from 

fluoroscopy to predict the in vivo joint motions and contact positions. 

The reduction technique was utilized to simplify the model by grouping 

functionally similar hip muscles. Only 24 unknowns were employed in the system which 

contained the 24 equations of motions to describe the human lower extremity. This 

method led to a determinant system of equations and no optimization routines had to be 

applied to solve for any additional unknowns. The model was capable for solving the 

muscle and ligament forces directly, along with the joint reaction forces between the 

foot/ankle, tibia/femur, femur/patella and pelvis/femur, and the torques across each 

joint. Having a determinant system, lead to only one possible solution, for each 

increment of time, throughout the gait cycle. 

The development of this model of the human lower extremity is important for in 

depth analysis and evaluation of clinical problems in this area of the human body. 



 

Chapter 8: Discussion  Page 133 

Further development of the model will allow solving for different clinical conditions and 

building up a comprehensive tool for force analysis of the lower extremity.  

A comparison of the current results to those in a telemetric hip reported by 

Bergmann et al., (2001) demonstrated that the force patterns and the magnitudes were 

similar. The average predicted forces in our analysis were 2.5-2.9 BW, while Bergmann 

reported forces from 2.3 to 3.5 BW, under similar conditions (Glaser et al., 2007). 

8.4 Ground Reaction Forces 

Additionally, the current study analyzed the ground reaction forces occurring 

during gait of patients with various hip implant bearing surfaces.  The ground reaction 

forces (GRF) were implemented in the developed analysis in two different ways. First, 

the GRF were measured during the experimental part of the study and were later input 

into the mathematical model as external forces acting on the ground-foot interaction. 

Second, the GRF were used to quantify and analyze the loading of the hip joint during 

gait by applying important representative descriptors of ground reaction force data to 

characterize the essential features of the force components.  

It has been previously demonstrated that a vertical GRF graph with two peaks is 

characteristic of healthy, young individuals, while a flat top is representative of abnormal 

gait developed with joint problems (Brown TRM et al., 1981, Gök et al., 2002). It is 

possible that the patients in the study exhibiting two peaks have responded more 

naturally to their implants, while those with a lasting flat-topped pattern maintain the 
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abnormal gait developed before surgery.  The higher percentage of occurrence of flat-

topped GRF graphs in the implant groups with hard bearings may be a result of 

abnormal gait achieved with those implants. This continued abnormal gait could 

promote abnormal loading on numerous joints in the lower extremity, which could result 

in joint degeneration.       

Several selected ground reaction force measures were significantly different for 

subjects of the different bearing groups. The lowest average maximum peak GRF force 

of all groups analyzed was observed in the metal-on-metal (MOM) group, which 

corresponds to the relatively high average maximum separation value seen in the same 

group.  Conversely, the ceramic-on-polyethylene (COP) group exhibited the lowest 

average maximum separation as well as the highest average maximum GRF force, with 

the difference in second maximum peak force (Fz6 parameter) between MOM and COP 

being statistically significant (p=0.047*).  High separation values suggest an exchange 

from a large, uniform contact area between the femoral head and the acetabulum to 

undesirable edge-loading conditions during femoral head sliding and may result from 

residual muscle damage or unnatural gait loading conditions. In this study, high 

separation values are accompanied by low GRF values, which could reflect additional 

instability. Our findings are consistent with previous studies where lower GRF values 

have been shown to occur in the affected hip joint when compared to normal hips 

(Bassey et al. 1997, Giakas et al. 1997, Long et al. 1993, McCrory et al. 2001).  Low 

vertical GRF have been suggested to result from analgesic gait developed by the 

patient prior to surgery, which remains until the patient develops the stability and 
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balance needed to bring the hip back to normal loading levels (Brown et al., 1981).  Low 

GRF values in the affected hip leave larger forces to be sustained by the unaffected 

limb, which may lead to accelerated degeneration of numerous joints. Furthermore, the 

combination of high separation values with low GRF values associated with metal-on-

polyethylene (MOP) bearing could reflect the maintenance of abnormal loading in the 

hip joint following THA and the potential for additional joint degeneration and instability. 

This instability could arise from slower recovery time or implant performance 

characteristics that may prevent the joint to fully return to normal functionality.  The low 

separation and high GRF in the COP group suggests a return to normal gait loading 

conditions, which is vital for the recovery of the patient and the success of the implant.   

There is a significant difference in time to the first maximum force (Fz1) between 

the group with the lowest Fz1, metal-on-metal polyethylene sandwich (MOM-PS), and 

the group with the highest Fz1, COP (p=0.02*). Results of the MOM-PS group are similar 

to those found for normal subjects. The results for all other groups are similar to 

previous studies analyzing THA patients (Bassey et la., 1997; McCrory et al, 2001) 

where Fz1 was shown to be significantly longer on the affected leg of THA patients when 

compared to the unaffected leg. The time to the minimum force (Fz3) was significantly 

longer in MOP and COP patients when compared to ceramic-on-ceramic (COC) 

patients, which may suggest that COC patients may alter their gait in order to reach a 

point of minimum load faster in order to minimize pain or to maximize stability.  The 

lowest time to second maximum peak force (Fz5) was observed in the COC group, and 
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was significantly lower than the highest value experienced in the COP group, and as 

well as in the MOP and MOM-PS groups. 

The low average loading rate observed in MOP patients could reflect abnormal 

loading on the affected limb, as it has previously been shown that THA patients do not 

put weight on their affected legs as quickly as their unaffected legs or as quickly as 

healthy control subjects (McCrory et al., 2001). Lower loading rates in the affected limbs 

of patients with osteoarthritis of the knee, another group afflicted with instability and pain 

resulting from joint degeneration, have also been observed (Messier et al., 1992).  It has 

been suggested that these lower loading rates could be a result of attempts to reduce 

osteoarthritic pain.  Conversely, the high average loading rate in the hard bearing group 

could reflect a more complete recovery of these patients, as greater stability would 

result in their placing weight on the affected joint more quickly.  The significantly lower 

average push-off rate in COC when compared to COP (p=0.03*) may reflect the COC 

patients’ adaptation of their gait in attempts to minimize pain or to maximize stability.  

The GRF in the direction of walking (antero-posterior) revealed an initial negative 

phase corresponding to the exertion of a backward force by the ground on the body, 

slowing down the forward movement. The subsequent positive phase approaching toe-

off relates to the cyclical acceleration in forward movement. The significantly low 

maximum braking force (Fx4) exhibited by the MOP and COP bearing groups and the 

significantly low maximum propelling force (Fx5) observed in the MOP and COC groups 

could suggest a “stiffer” mode of locomotion (Brown et al.,1981).  It has previously been 

shown that subjects exhibit smaller antero-posterior peak force magnitudes prior to THA 
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than afterwards, suggesting a stiffer mode of locomotion when instability and pain are 

more prevalent.  This may suggest balance impairments in the studied patients with soft 

bearings.     

Values for the vertical and antero-posterior GRF parameters as well as the 

stance times analyzed in this study are similar to previous research (Hamill et al., 1990; 

McCrory et al., 2001). Some results differ due to the slower walking speeds in the 

current study.  The first and second maximum forces were lower than those reported by 

Long et al. (1993); however, the speed of gait was probably also here different, thus 

resulting in differing values.  A comparison to the results published by Brown et al. for 

patients with hip implants between 6 and 12 months post-op, resulted in similar values 

form the first maximum peak force (Brown et al., 1981).  The push-off rate in this study 

(4.32±2.04BW/s) is slightly lower than the reported push-off rate from McCrory 

(5.03±1.74BW/s); however, this could be a result of the intra and inter-subject variability 

(McCrory et al., 2001). The average values for the analyzed parameters generated in 

this study were similar to those of previous research indicating consistency in the 

measuring techniques and procedures employed during testing.  

Interestingly, the COP group was associated with the lowest separation, highest 

GRF and push-off rate, and an above average loading rate.  All of these characteristics 

could suggest a more complete recovery of the patients in this group, which could be a 

result of better implant performance and stability in the patients.     
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No preoperative data was collected on the subjects included in this study. It is 

therefore unknown if this pattern of walking may be attributed to gait patterns adopted 

prior to the surgery, when these subjects had severe, painful arthritis in the joint.  

8.5 Correlation of Kinematics, Sound and Vibration 

The noninvasive technique presented in this paper to digitally capture hip joint 

sound and vibration emissions was developed for the evaluation of hip performance and 

for the diagnosis of femoral head sliding in the acetabular cup of patients who have 

undergone THA (Glaser et al., 2008). The interpretation of the diagnostic sound and 

vibration data is a complicated task, involving an in-depth understanding of data 

acquisition and signal analysis, as well as the mechanical system characteristics. 

Kinematic analysis using video fluoroscopy was used to obtain necessary information 

about implant movement and to diagnose separation. 

Femoral head sliding within the acetabular cup occurs in the majority of THA 

subjects, and magnitudes of the femoral head separation agree with the findings in our 

study (Dennis et al., 2001, 2006). A possible concern is that the impact following 

separation leads to increased loading conditions at the bearing surface interface, 

especially superolaterally, which may lead to increased wear (Northcut, 1998). 

However, no studies using experimental techniques, other than fluoroscopy, have been 

used to detect femoral head sliding so far.  
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In this study, based on the concept of the impulse excitation method, the 

established vibration and acoustic techniques provided a more in-depth understanding 

of the occurrence of femoral head separation from the acetabular cup (Glaser et al., 

2007).  Among analyzed patients following THA, the sensors were consistently able to 

detect frequencies propagating across the hip joint. A data acquisition system was used 

to amplify the signals and filter out unwanted noise generated by undesired frequencies. 

The signal from the sensor was converted to sound and then correlated with the three-

dimensional hip movement obtained from fluoroscopic images and processed with our 

model-fitting software package. The correlation of the visual exploration using 

fluoroscopy with audible and vibration emission using a new acoustic and vibration 

analysis technique (AVT) confirmed and validated the newly developed methodology. 

Distinct sounds such as clicking or squeaking and a sound similar to a “rusty door 

hinge” were found and seemed to be associated with the different bearing surfaces 

involved in the study.  

This is the first study to document and correlate visual effects with audible and 

vibration emission of THA under in vivo conditions (Glaser et al., 2007). The sound 

measured using our newly developed method indicates that the implanted hip 

components were subjected to variable dynamic loading conditions at the bearing 

surface interface. Varying magnitudes and frequencies related to different bearing 

surface materials may have led to different types of sounds associated with these 

motion patterns. One explanation for separation during stance phase is the immediate 

change from abduction to adduction after heel-strike, when the analyzed leg is rapidly 
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loaded. This condition causes the femoral head to slide from the acetabular component, 

leading to the adverse side effect of edge loading. Another possible cause could be the 

momentum established by the contralateral leg thrusting forward, while the foot of the 

leg experiencing separation remains in contact with the ground. 

The vibration caused by the ringing of components in the THA system has the 

potential to damage both prosthetic components, as well as the area of the bone that 

they are in contact with.  Future analysis will determine if our technique can be applied 

to detect early implant loosening and bone fracture, since those changes will directly 

affect the propagated frequencies. In summary, these results are promising, and the 

trends may be used to properly identify and differentiate the frequency content.      

Different implant groups were used in this study to validate whether the AVT 

system is capable of detecting and correlating sound and visual images for varying 

conditions. Results indicate good correlation with fluoroscopic analysis and great 

sensitivity for identifying diverse conditions. 

In the future, this newly developed methodology may provide information about 

joint conditions and it is our goal that the AVT technique could be used to extract 

valuable information that can be used to enhance clinical diagnoses. A further 

understanding of the physical response resulting from impact during femoral head 

sliding in addition to a comparison of variable bearing surfaces may lead to valuable 

insight pertaining to THA failure as well as enable improvements in future implant 

development. 
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8.6 Acoustic and Vibration Technique 

 The desire for a non-invasive method of analysis and clinical evaluation of 

degenerative joints or those after partial or total replacement led to the foundation of 

new technologies. The method developed in the present work is based on using the 

accelerometers as sensors to depict joint interactive signals. The development was 

supported by the clinical evaluation of requirements and possible implementations as 

well as the theoretical and scientific examination of potential alternatives.  

The idea of analyzing joint vibrations is not new, but the application in this study 

may be. The evaluation of previous implemented methods of detection and recording 

systems revealed that acoustic microphones and electronic systems did not fulfill the 

necessary requirements on frequency range and dynamic sensitivity. Those parameters 

are essential for proper detection, recording and analysis of vibration emissions 

generated at the interaction of human joints.  After studying all requirements, potential 

alternatives and possible result outcomes, a practical method was developed by the 

synthesis of clinical applicability and adaptability together with the scientific possibilities 

to interpret joint signals. The application of accelerometers proved to fulfill the clinical, 

practical and scientific requirements set to properly analyze and evaluate human joints 

as a routine procedure.  

The method in this work is capable to capture, store and analyze joint vibration 

and sound emissions. The applied technique is able to eliminate two of the major 
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problems associated with the microphone technique: high background and skin friction 

noise.  

Signals from muscle contractions and soft tissue movement were also captured 

with the applied sensors. Due to their distinct characteristics, the applied analysis 

technique was capable of detecting and eliminating those interfering signals and the 

developed acoustic and vibration technique (AVT) was not inhibit from its application as 

a diagnostic technique. 

The developed technique has been proven to detect joint vibration and acoustic 

emissions, allowing analysis of the measured signal parameters and correlation with the 

synchronically measured in vivo kinematics. The uniqueness of the AVT technique 

implies not only to its capability for easy and non-invasively implementation in the 

routine diagnosis of pathological joint conditions, healthy or implanted, but also it 

provides a cost effective, but valuable diagnostic tool based on the impulses generated 

at the joint interaction. 

8.7 Summary 

The present project captured in vivo sound and vibration simultaneously with in 

vivo motion of the hip joint during weight-bearing activities. Hip joint forces were 

accurately obtained from an inverse dynamic mathematical model that better simulated 

the in vivo loading conditions of a "typical" total hip replacement patient and considers 

the interdependence of muscle and joint forces. In this study, the focus pertained on the 
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development of a novel, non-invasive technique for digitally capturing hip joint vibration 

and sound emission for evaluation of hip performance and diagnosis of femoral head 

sliding in the acetabular cup of THA. For this reason, THA patients with different bearing 

surfaces were included in the study and compared. 

The vibration and sound characteristics depended upon the mechanical 

characteristics of the implant and the driving forces. Therefore, by analyzing the 

vibration and sound patterns of patients during dynamic movement, it may be possible 

to characterize in vivo and non-invasively the femoral head, acetabular cup and bone 

properties. 

This is the first study to utilize the established method of kinematics, kinetics and 

sound analysis techniques to evaluate the performance of implants with different 

bearing surfaces while patients are still active and comfortable with their prostheses. 

Sound and frequency identification under in vivo conditions for THA generates new 

possibilities for better understanding of wear and failure modes in THA. This research 

may allow for a further correlation to be derived between sound and different types of 

failure mechanisms. This study provides important information for surgeons, 

researchers and implant developers to better understand the function of the hip joint, 

help design improved hip joint prosthesis and this way improve the quality of life of THA 

patients. In addition, the developed technique builds the first milestone in the design 

and implementation of a cost effective, non-invasive diagnostic technique which has the 

potential to be implemented in the routine diagnosis of pathological conditions for 

healthy or implanted joints. 
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Chapter 9  

Study Limitations and Future Work 

The limitations of the presented study pertaining to the clinical evaluation of the 

involved subjects could be related to the small number of patients in each of the groups 

that were studied. Additionally the study provides only a single time prospective and 

doesn’t follow the subjects over time as their conditions change from pre- to post 

operatively performance and different recovery stages. It will be important to conduct 

follow-up studies in the future that involve a greater number of subjects within each 

group, more surgeons, differing surgical techniques and longer postoperative periods.  

The findings of the present study must be evaluated in view of the single activity. 

Therefore, it cannot be definitively concluded that the results from this study in gait will 

reflect other activities. Also, a more detailed rehabilitation protocol including supervised 

hip muscle specific strengthening should be implemented. All patients were instructed to 

follow the same rehabilitation program, leaving the rest of their postoperative 

rehabilitation to their individual discipline. Closer rehabilitation monitoring is needed to 

clarify the true differences due to the different bearing surfaces and explain the 

variability within groups. 

We realize that in addition to the bearing combination supplementary factors 

such as surgical approach and body mass index (BMI), implant positioning and 

rehabilitation techniques may play a role in hip mechanics. In the present study, an 

attempt was made to control multiple variables, so that effects of those unwanted 
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factors on soft tissue support were minimized to provide a clear investigation of the 

desired parameters. Therefore, it was our goal to use a single, experienced surgeon in 

the study, and control multiple variables, which should be some of the strengths of this 

study.   

Fluoroscopy has proven to be a precise method for obtaining in vivo, weight-

bearing kinematics and determination of the presence of hip joint separation. The 

mathematical model created for this study has shown results which are in agreement 

with those of telemetric studies. The implementation of acoustics and vibration analysis 

in addition to the accurate procedures of kinematic and kinetic evaluation involved in 

this work enable extensive evaluation of gait characteristics as they have not been 

studied previously. 

Separation associated with the most of the THAs was presumed to lead to 

decreased contact area and increased contact stresses. If this condition can be 

associated with wear, it could be determined in a follow-up study, but was not assessed 

in this present study. While kinematic analyses of patients with and without separation 

will provide a comparison of the hip joint interaction forces (Glaser et al., 2007), the 

persistence of the increased wear is difficult to prove and will involved retrieval analysis 

of failed hips with known separation status. 

The results from this study reveal new questions that may be of concern and 

could be of interest in the development of future hip prostheses:  (1) Are the sounds 

generated, under in vivo conditions for a THA, dependent on the bearing surface and 
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are these acoustic signals generated for all bearings? (2) Are specific sounds an 

indicator of potential hip failure? (3) Could this sound analysis be successfully employed 

to identify THA failure, early post-operative and be used to clinical diagnose conditions 

pre-operatively? 

The new developed AVT technique revealed very promising results. New 

research possibilities have been discovered and the present work raised important 

clinical questions. However, this study has to be followed by larger clinical trials to 

support and extend the preliminary findings in the present work. More patients, different 

clinical conditions and retrieval studies have to be performed to verify the wide 

application possibilities of the developed technique, to further improve the method and 

make it a routine diagnostic technique. To achieve this, the data acquisition system has 

to be improved with respect to size, handling, storage and design. Most importantly, the 

signal analysis algorithm and the filtering options have to be improved and optimized. 

Also it is recommended that more analyzed parameters be included. The noise-to-signal 

level has to be improved, as well as an automatic mathematical application has to be 

developed to handle the measured signals and transfer the information to easier 

understandable and applicable clinical information. With the better understanding of the 

signals and the improvement of the techniques that may lead to a cost effective 

diagnostic tool, the synchronization with fluoroscopy will become unnecessary. In this 

case, a wireless system with a small chip can be developed to capture and store the 

data. A powerful application will later transfer the data to the personal computer and 

analyze the recorded signals. Due to the expected size of the tool, the possibility will be 
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given to collect long-term data during a variety of activities of the daily life or in extreme 

situations.  

In conclusion, a non-invasive technique for capturing vibration and acoustic 

emission of human joints has been developed. Preliminary results revealed that the 

analysis of joint vibrations and sound is worthy of further research. Future research 

could determine if these signals will lead to a better understanding of hip joint 

mechanics.  It is also a goal that this newly developed technology may provide valuable 

information that could be used to enhance clinical diagnosis and lead to improvements 

in future bearing selection and implant design development. It is believed that the 

technique can be applied to diagnose and prevent clinical disorders of the skeletal, 

muscular and ligament systems and can help to assess the best treatment with respect 

to efficiency and improved quality of life for patients with joint disorders and/or 

replacements.   
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Appendix D: Tables 

Table 1: Patients’ demographics 

avg SD avg SD avg SD avg SD avg SD avg SD
Versys femoral stem, TM Modular 
acetabular cup, Trilogy liner, Zimmer, 
Warsaw, IN
Versys femoral stem, Triology 
acetabular system Zimmer, Warsaw, 
IN

6 20 59 7 1.8 0.1 83 17 26 5 51 ( 40 - 69 ) 11 93 ( 73 - 100 ) 10
Versys femoral stem, TM Modular 
acetabular cup, alumina ceramic 
femoral head Zimmer, Warsaw, IN

Zimmer 
(large) 3 7 50 6 1.8 0.0 95 11 29 3 52 ( 41 - 58 ) 10 92 ( 84 - 98 ) 7

Versys femoral stem, Metasul 
femoral head, Durom Acetabular 
component, Zimmer, Warsaw, IN

Biomet 
(large) 4 17 43 3 1.8 0.1 100 42 30 10 45 ( 39 - 55 ) 8 82 ( 69 - 94 ) 14 M2a metal articulation, Biomet, 

Warsaw, IN

Biomet 
(medium) 4 25 58 5 1.7 0.1 88 11 30 3 46 ( 30 - 61 ) 13 94 ( 88 - 100 ) 5 M2a metal articulation, Biomet, 

Warsaw, IN

Overall 
MOM 11 17 50 8 1.8 0.1 94 25 30 6 47 ( 30 - 61 ) 10 89 ( 69 - 100 ) 11

5 9 52 13 1.8 0.1 96 18 25 4 44 ( 23 - 63 ) 16 96 ( 91 - 100 ) 5
Versys femoral stem, Converge  
acetabular cup, Metasul femoral 
head and liner Zimmer, Warsaw, IN

5 41 48 10 1.8 0.1 96 18 26 3 44 ( 27 - 57 ) 11 90 ( 65 - 100 ) 14
Accolade Femoral Stem, Trident 
acetabular system, alumina femoral 
head Stryker Kalamazoo, MI

31 22 54 11 1.8 0.1 86 19 27 5 46 ( 23 - 69 ) 11 92 ( 65 - 100 ) 10
21 21 50 9 1.8 0.1 87 21 28 5 46 ( 23 - 63 ) 11 91 ( 65 - 100 ) 11
10 24 63 8 1.8 0.1 83 17 26 5 48 ( 29 - 69 ) 12 95 ( 73 - 100 ) 8

14 98

Hard

29 - 59 )

M
O

M

All Patients

4

Soft

44 (1.8 0.1

MOM-PS

COC

4 31 27

HSS-PreOp HSS-PostOp

( 95 - 100 ) 3

(min-max)(min-max) Implant

COP

MOP

Height
(m)# of 

patients

BMI
-

Age

Bearing

68 6 83 17

Follow-Up 
(months)

(years)
BW
(kg)
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Table 2: Maximum separation, mid range laxity and number of patients with capsular 
repair 

Mid-range Laxity Capsular Repair
avg SD (mm) (# patients)

4 3.9 ( 1.4 - 5.6 ) 1.9 2 4
6 2.1 ( 1.0 - 3.4 ) 0.9 1 6

Zimmer 
(large) 4 3.2 ( 2.5 - 4.2 ) 0.8 2 3

Biomet 
(large) 2 4.1 ( 3.8 - 4.4 ) 0.4 1 2

Biomet 
(medium) 3 2.1 ( 1.7 - 2.6 ) 0.5 2 3

Overall 
MOM 9 3.0 ( 1.7 - 4.4 ) 1.0 2 8

5 1.9 ( 1.4 - 2.4 ) 0.4 1 4
24 2.7 ( 1.0 - 5.6 ) 1.2 1 22
14 2.6 ( 1.4 - 4.4 ) 1.0 2 12
10 2.8 ( 1.0 - 5.6 ) 1.6 1 10

Maximum Separation

M
O

M

Bearing Subjects

Hard

(mm)
(min-max)

Soft

MOP
COP

All patients
MOM-PS

 

 

Table 3: Analog signal connector pin-out for the force plate 

PIN 
Number Description 

Shorthand 
Notation 

1 Z output from corner C Cz 
2 Z output from corner D Dz 
3 Z output from corner A Az 
4 Z output from corner B Bz 

5 
Y output from A and C 
combined YAC 

6 
X output from D and C 
combined XDC 

7 
X output from A and B 
combined XAB 

8 
Y output from B and D 
combined YBD 

9 Signal reference ground SGND 
10 Chassis ground GNS 
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Table 4: Gait analysis parameters and symmetry indices for all unilateral patients 

Healthy Implanted Difference
Symmetry 

Index ASI Healthy Implanted Difference
Symmetry 

Index ASI
4 1.20 1.21 -0.01 -1.2% 3.9% 0.46 0.46 0.00 0.7% 6.8%
4 1.80 1.82 -0.02 -0.9% 2.7% 0.62 0.57 0.05 7.3% 8.3%

Zimmer 
(Large) 4 1.77 1.77 0.00 -0.2% 3.9% 0.58 0.59 -0.01 -0.8% 13.2%

Biomet 
(Large) 0 - - - - - - - - - -

Biomet 
(Medium) 4 1.29 1.33 -0.05 -3.8% 5.1% 0.58 0.52 0.06 11.4% 12.2%

Overall 
MOM 8 1.53 1.55 -0.02 -2.0% 4.5% 0.58 0.55 0.03 5.3% 12.7%

5 1.48 1.50 -0.02 -2.0% 4.0% 0.52 0.51 0.01 2.4% 7.5%
3 1.35 1.36 -0.01 -1.8% 3.7% 0.40 0.39 0.01 5.3% 11.1%

24 1.49 1.51 -0.02 -1.7% 3.9% 0.53 0.51 0.02 4.3% 9.7%
16 1.48 1.50 -0.02 -2.0% 4.2% 0.53 0.51 0.02 4.4% 10.8%
8 1.50 1.52 -0.02 -1.1% 3.3% 0.54 0.52 0.03 4.0% 7.6%Soft

MOM-PS
COC
All

Hard

Stance Swing
Average Time (s)

M
O

M

Bearing
MOP
COP

Subjects

 
 

4
4

Zimmer 
(Large) 4

Biomet 
(Large) 0

Biomet 
(Medium) 4

Overall 
MOM 8

5
3
24
16
8Soft

MOM-PS
COC
All

Hard

M
O

M

Bearing
MOP
COP

Subjects Healthy Implanted Difference
Symmetry 

Index ASI Healthy Implanted Difference
Symmetry 

Index ASI
1.67 1.67 0.00 0.1% 0.2% 0.37 0.38 -0.01 -2.0% 11.0%
2.41 2.39 0.02 0.7% 1.5% 0.58 0.64 -0.06 -10.1% 13.0%

2.35 2.36 -0.01 -0.4% 0.9% 0.57 0.62 -0.05 -9.3% 16.7%

- - - - - - - - - -

1.86 1.85 0.01 0.4% 0.9% 0.39 0.38 0.01 1.0% 17.0%

2.11 2.11 0.00 0.0% 0.9% 0.48 0.50 -0.02 -4.2% 16.8%

1.98 2.02 -0.04 -2.1% 2.1% 0.50 0.48 0.02 5.6% 12.8%
1.76 1.75 0.00 0.3% 0.3% 0.46 0.50 -0.04 -6.4% 10.2%
2.01 2.02 0.00 -0.3% 1.1% 0.48 0.50 -0.02 -3.1% 13.6%
2.00 2.01 -0.01 -0.6% 1.2% 0.48 0.49 -0.01 -1.5% 14.3%
2.04 2.03 0.01 0.4% 0.9% 0.47 0.51 -0.04 -6.1% 12.0%

Step Double
Average Time (s)
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Table 5: Gait analysis parameters and symmetry indices for all bilateral patients 

Subjects Right Left Difference
Symmetry 

Index ASI Right Left Difference
Symmetry 

Index ASI
0 - - - - - - - - - -
2 1.48 1.48 0.00 0.0% 0.9% 0.44 0.46 -0.03 -6.1% 6.1%

Zimmer 
(Large) 0 - - - - - - - - - -

Biomet 
(Large) 4 1.50 1.40 0.10 7.4% 7.4% 0.45 0.56 -0.11 -24.7% 24.7%

Biomet 
(Medium) 0 - - - - - - - - - -

Overall MOM 4 1.50 1.40 0.10 7.4% 7.4% 0.45 0.56 -0.11 -24.7% 24.7%

0 - - - - - - - - - -
2 2.04 1.98 0.05 2.8% 3.0% 0.58 0.64 -0.06 -10.6% 10.6%
8 1.63 1.56 0.06 4.4% 4.7% 0.48 0.56 -0.08 -16.5% 16.5%
6 1.68 1.59 0.09 5.9% 5.9% 0.50 0.59 -0.09 -20.0% 20.0%
2 1.48 1.48 0.00 0.0% 0.9% 0.44 0.46 -0.03 -6.1% 6.1%

MOP
COP

Stance
Average Time (s)

Swing

Soft

MOM-PS
COC
All

Hard

M
O

M

Bearing

 
 

Subjects
0
2

Zimmer 
(Large) 0

Biomet 
(Large) 4

Biomet 
(Medium) 0

Overall MOM 4

0
2
8
6
2

MOP
COP

Soft

MOM-PS
COC
All

Hard

M
O

M

Bearing Right Left Difference
Symmetry 

Index ASI Right Left Difference
Symmetry 

Index ASI
- - - - - - - - - -

1.92 1.95 -0.03 -1.5% 1.5% 0.50 0.54 -0.04 -12.5% 12.5%

- - - - - - - - - -

1.95 1.95 0.00 0.0% 0.0% 0.45 0.49 -0.03 -5.5% 16.1%

- - - - - - - - - -

1.95 1.95 0.00 0.0% 0.0% 0.45 0.49 -0.03 -5.5% 16.1%

- - - - - - - - - -
2.62 2.63 -0.01 -0.4% 0.4% 0.69 0.70 -0.02 -2.6% 4.8%
2.11 2.12 -0.01 -0.5% 0.5% 0.52 0.55 -0.03 -6.5% 12.4%
2.17 2.18 0.00 -0.1% 0.1% 0.53 0.56 -0.03 -4.6% 12.3%
1.92 1.95 -0.03 -1.5% 1.5% 0.50 0.54 -0.04 -12.5% 12.5%

Average Time (s)
Step Double 



 

Tables  Page 187 

Table 6: Segment dimensions 

 Segment Landmarks Direction
1(cm) 2(cm) 3(cm)

Foot
Ground to tibia/foot 0.000 6.260 0.000

Toe to heel 21.000 0.000 0.000
Toe to CM 17.000 5.000 0.000

Ground to CM 0.000 3.747 0.000
Tibia

Ankle to knee 0.158 36.856 1.285
Ankle to CM -0.946 26.700 0.000

Ankle to Hamstring wrapping point 2.11554 34.40260 -1.80960
Ankle to Hamstring attachment point 0.90694 31.42435 -0.47374

Ankle to TibTub -3.444 31.820 1.000
mid tibial radius       (1.35965 cm)

top tibial radius
Tibial surface      ( 1 direction) 4.92885 0.000 0.000
Tibial surface      ( 3 direction) 0.000 0.000 7.404

Femur
Knee to Femural ball 0.541 44.817 -5.932
Knee to top of femur 0.789 42.677 -0.586

knee to greater tronchanter 0.100 40.315 2.990
greater tronchanter to lesser Tronchanter 0.141 -2.773 -6.568

Knee to CM 0.128 28.585 0.089
greater tronchanter to Illiofem attachment one -2.209 0.000 -5.506

greater tronchanter to Illiofem wrapping point one -2.644 1.043 -7.509
greater tronchanter to Illiofem attachment point two -4.000 2.146 -4.072

greater tronchanter to Illiofem wrapping two -2.743 3.166 -5.289
greater tronchanter to Isciofem attachment point 0.187 1.499 -3.214

greater tronchanter to Isciofem wrapping one 0.320 1.862 -5.947
greater tronchanter to Isciofem wrapping two 0.240 1.579 -6.064

greater tronchanter to Isciofem wrapping three 0.101 1.297 -6.269
greater tronchanter to Isciofem wrapping four -0.117 1.035 -6.445
greater tronchanter to Isciofem wrapping five -0.387 0.797 -6.620
greater tronchanter to Isciofem wrapping six -0.740 0.519 -6.794

Knee to patella contact point -1.805 1.804 0.054
Femur Radius      (1.297 cm)

Patella
Patella to femur contact point

Rectus femorus to Patellar ligament attachments -0.083 4.397 -0.383
CM to Rectus Femoris attachment -0.066 2.199 -0.422

CM to Patellar Ligament attachment 0.017 -2.199 0.161
Pelvis

Acetabulum Rad      (2.56306 cm)
Acetabulum Ref to Illiofemoral attachment site -2.909 0.456 1.687

Acetabulum to center of vertebrae -3.013 11.893 -6.449
acetabulum to Illiopsoas muscle attachment one (Illiacus) -0.895 12.846 3.616

acetabulum to Illiopsoas muscle attachment two (psoas major) -5.000 17.000 4.403
Acetabulum to Gluteus muscle attachment 0.658 13.020 2.719
Acetabulum to Isciofemoral attachment one 0.400 -3.500 0.900
Acetabulum to Isciofemoral attachment two 0.700 -2.700 1.000

Acetabulum to Isciofemoral attachment three 0.000 -4.400 0.950
Acetabulum to Isciofemoral attachment four 4.000 -2.000 1.749
Acetabulum to Isciofemoral attachment five 0.000 -1.300 2.100
Acetabulum to Isciofemoral attachment six -0.200 0.000 2.426

Acetabulum to Rectus femorus (Quad) attachment site -2.900 -0.500 1.700
Acetabulum to CM 0.10380 4.83817 0.42901

Acetabulum to Gluteus wrapping point 0.01902 8.49210 3.67586
Acetabulum to hamstring attachment 4.57223 -6.28287 0.00000  
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Table 7: Mass moment of inertia 

Mass Moment of Inertia I11 I22 I33
Segment (kg*m^2) (kg*m^2) (kg*m^2)

Pelvis 0.048 0.050 0.041
Thigh 0.227 0.044 0.221
Shank 0.030 0.004 0.029
Foot 2.798E-04 6.046E-05 2.436E-04  

 
 
 

Table 8: Segment Masses 

Segment Masses(based on 62 kg total body mass, Female) Mass 
Segment Kg 

Pelvis 7.731 
Thigh 9.164 
Shank 2.982 
Foot 0.800 

 
 
 

Table 9: Patients included in the kinematic and GRF analysis 

Kinematic 
Analysis

GRF 
Analysis

4 4
6 6

Zimmer 
(large)

4 3

Biomet 
(large)

2 4

Biomet 
(medium)

3 4

Overall 
MOM

9 11

5 5
0 5
24 31
14 21
10 10

Hard
Soft

Bearing

M
O

M

MOM-PS
COC

MOP
COP

All Patients
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Table 10: Significant difference among the different groups 

Separation
MOP COP 0.01*

MOM >0.05
MOM-PS 0.01*
COC >0.05

COP MOM >0.05
MOM-PS >0.05
COC >0.05

MOM MOM-PS >0.05
COC >0.05

MOM-PS COC >0.05

hard soft >0.05

Bearing

 
 
 
 
 
 

Table 11: Resultant forces for the different bearing groups at the joint interactions, and at 
the muscles and ligaments 

F_IA F_IP F_PL F_QD F_PT Ankle Knee Hip
Bearing (xBW) (xBW) (N) (N) (N) (xBW) (xBW) (xBW)

MOP 1.08 0.34 338 344 132 1.20 1.67 2.65

COP 2.67 0.14 344 360 138 1.34 1.80 2.8

MOM 1.62 0.68 349 354 122 1.31 1.90 2.9

MOM-PS 1.93 0.33 264 272 105 1.32 1.76 2.5  
 
IA: Illiofemoral ligament; IP: Ischiofemoral ligament, PL: patella ligament; QD: quadriceps; PT: patella
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Table 12: Results for the vertical ground reaction force parameters 

Bearing MOP COP MOM-PS COC All patients Hard Soft
Zimmer (large) Biomet (large) Biomet (medium) Overall MOM

Subjects 4 6 3 4 4 11 5 5 31 21 10

Fz1 avg 35% 36% 35% 34% 32% 34% 29% 31% 33% 32% 36%
Time to 1st Peak Force min 29% 33% 34% 28% 26% 26% 19% 25% 19% 19% 29%
(% stance) max 40% 39% 38% 41% 41% 41% 34% 34% 41% 41% 40%

SD 5% 3% 3% 6% 6% 5% 6% 4% 5% 5% 4%

Fz2 avg 0.96 1.00 0.94 0.97 0.96 0.96 0.97 0.97 0.97 0.97 0.98
1st Peak Force min 0.92 0.88 0.91 0.96 0.93 0.91 0.93 0.91 0.88 0.91 0.88
(BW) max 0.99 1.25 0.98 0.97 1.00 1.00 1.01 1.03 1.25 1.03 1.25

SD 0.03 0.13 0.03 0.01 0.03 0.03 0.03 0.05 0.06 0.03 0.10

Fz3 avg 57% 55% 52% 56% 52% 53% 51% 48% 53% 52% 56%
Time to MS Force min 50% 51% 46% 50% 45% 45% 44% 45% 44% 44% 50%
(% stance) max 68% 60% 58% 59% 57% 59% 64% 53% 68% 64% 68%

SD 8% 3% 6% 4% 6% 5% 8% 3% 6% 6% 5%

Fz4 avg 0.91 0.96 0.93 0.93 0.95 0.94 0.95 9.35E-01 0.94 0.94 0.94
MS Force min 0.86 0.87 0.90 0.83 0.90 0.83 0.89 0.88 0.83 0.83 0.86
(BW) max 0.94 1.17 0.96 0.99 1.01 1.01 1.03 0.96 1.17 1.03 1.17

SD 0.03 0.11 0.03 0.08 0.04 0.05 0.06 0.03 0.06 0.05 0.09

Fz5 avg 76% 77% 71% 72% 76% 73% 77% 69% 74% 73% 77%
Time to 2nd Peak Force min 74% 75% 63% 69% 71% 63% 73% 58% 58% 58% 74%
(% stance) max 79% 80% 79% 75% 80% 80% 82% 76% 82% 82% 80%

SD 2% 2% 8% 3% 5% 5% 3% 7% 5% 6% 2%

Fz6 avg 0.97 1.03 0.97 0.91 0.96 0.94 0.96 0.96 0.97 0.95 1.00
2nd Peak Force min 0.86 0.93 0.96 0.87 0.94 0.87 0.89 0.91 0.86 0.87 0.86
(BW) max 1.07 1.31 1.00 0.95 0.99 1.00 1.00 1.01 1.31 1.01 1.31

SD 0.10 0.14 0.03 0.04 0.03 0.04 0.04 0.04 0.08 0.04 0.12

Fz7 z 0.67 0.69 0.69 0.67 0.70 0.68 0.69 0.66 0.68 0.68 0.68
Average Force
(BW)

Loading Rate avg 2.36 3.61 3.18 2.69 3.55 3.14 4.58 3.17 3.37 3.49 3.11
(BW/s) min 2.01 2.22 2.46 2.10 1.64 1.64 1.40 1.83 1.40 1.40 2.01

max 2.57 5.18 3.78 3.17 5.47 5.47 10.12 4.96 10.12 10.12 5.18
SD 0.26 1.05 0.67 0.52 2.14 1.30 3.39 1.32 1.72 1.97 1.03

Push-off Rate avg 3.54 5.79 4.07 2.95 4.61 3.86 5.31 3.17 4.32 4.04 4.89
(BW/s) min 2.96 3.80 3.47 2.67 2.35 2.35 1.98 1.90 1.90 1.90 2.96

max 4.17 8.24 4.64 3.37 8.31 8.31 9.92 5.65 9.92 9.92 8.24
SD 0.67 1.80 0.59 0.31 2.82 1.75 3.09 1.53 2.04 2.13 1.82

MOM
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Table 13: Results for the anterior-posterior (x) ground reaction force parameters 

Bearing MOP COP MOM-PS COC All patients Hard Soft
Zimmer (large) Biomet (large) Biomet (medium) Overall MOM

Subjects 4 6 3 4 4 11 5 5 31 21 10

Fx1 avg 29% 26% 21% 24% 24% 23% 24% 21% 24% 23% 28%
Time to Max Braking Force min 27% 13% 18% 19% 21% 18% 12% 14% 12% 12% 13%
(% stance) max 31% 30% 26% 32% 28% 32% 37% 27% 37% 37% 31%

SD 2% 8% 4% 6% 3% 4% 10% 6% 6% 6% 5%

Fx2 avg 0.57 0.56 0.49 0.59 0.53 0.54 0.56 0.51 0.55 0.54 0.56
Time to Zero Force min 0.52 0.50 0.44 0.54 0.47 0.44 0.51 0.41 0.41 0.41 0.50
(% stance) max 0.65 0.62 0.57 0.63 0.59 0.63 0.60 0.58 0.65 0.63 0.65

SD 0.06 0.04 0.07 0.04 0.05 0.06 0.04 0.06 0.06 0.06 0.05

Fx3 avg 82% 83% 82% 83% 84% 83% 82% 80% 82% 82% 82%
Time to Max Propelling Force min 78% 78% 78% 79% 82% 78% 78% 77% 77% 77% 78%
(% stance) max 84% 86% 86% 85% 88% 88% 88% 84% 88% 88% 86%

SD 3% 3% 4% 3% 3% 3% 4% 4% 3% 3% 3%

Fx4 avg -0.055 -0.065 -0.084 -0.093 -0.077 -0.079 -0.099 -0.085 -0.079 -0.088 -0.061
Max Braking Force min -0.061 -0.111 -0.114 -0.137 -0.087 -0.137 -0.119 -0.114 -0.137 -0.137 -0.111
(BW) max -0.037 -0.027 -0.063 -0.066 -0.070 -0.027 -0.068 -0.067 -0.027 -0.063 -0.027

SD 0.012 0.031 0.026 0.031 0.008 0.025 0.019 0.020 0.025 0.021 0.025

Fx5 avg 0.104 0.137 0.137 0.134 0.119 0.129 0.162 0.101 0.128 0.130 0.124
Max Propelling Force min 0.048 0.117 0.102 0.102 0.103 0.102 0.091 0.045 0.045 0.045 0.048
(BW) max 0.144 0.195 0.173 0.162 0.128 0.173 0.272 0.154 0.272 0.272 0.195

SD 0.041 0.030 0.036 0.027 0.011 0.024 0.074 0.040 0.043 0.047 0.036

Fx6 avg 0.004 0.010 0.009 -0.008 0.002 0.000 0.006 -0.001 0.003 0.001 0.008
Average Force min -0.011 -0.004 0.008 -0.026 -0.004 -0.026 -0.007 -0.013 -0.026 -0.026 -0.011
(BW) max 0.011 0.019 0.011 0.012 0.008 0.012 0.025 0.014 0.025 0.025 0.019

SD 0.010 0.008 0.001 0.016 0.006 0.012 0.013 0.010 0.011 0.012 0.009

MOM
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Table 14: Results for the medio-lateral (y) ground reaction force parameters 

Bearing MOP COP MOM-PS COC All patients Hard Soft
Zimmer (large) Biomet (large) Biomet (medium) Overall MOM

Subjects 4 6 3 4 4 11 5 5 31 21 10

Fy1 avg 8% 7% 8% 6% 6% 7% 7% 5% 7% 7% 7%
(% stance) min 6% 4% 7% 4% 3% 3% 2% 4% 2% 2% 4%

max 8% 9% 10% 8% 10% 11% 11% 8% 11% 11% 9%
SD 1% 2% 2% 2% 3% 3% 4% 2% 2% 3% 2%

Fy2 avg 42% 39% 29% 36% 31% 32% 30% 30% 34% 31% 41%
(% stance) min 31% 35% 14% 29% 27% 14% 17% 25% 14% 14% 31%

max 53% 46% 38% 43% 38% 43% 42% 33% 53% 43% 53%
SD 9% 5% 13% 7% 4% 8% 9% 3% 8% 7% 7%

Fy3 avg -0.021 -0.015 -0.022 -0.040 -0.025 -0.030 -0.020 -0.021 -0.023 -0.025 -0.018
Average Force min -0.032 -0.026 -0.031 -0.066 -0.038 -0.066 -0.038 -0.031 -0.066 -0.066 -0.032
(BW) max -0.009 -0.001 -0.010 -0.018 -0.010 -0.010 -0.003 -0.012 -0.001 -0.003 -0.001

SD 0.010 0.010 0.010 0.024 0.011 0.018 0.013 0.007 0.014 0.015 0.010

Fy4 avg 0.011 0.017 0.013 0.007 0.005 0.008 0.026 0.007 0.013 0.012 0.015
(BW) min -0.003 0.001 0.009 0.001 -0.009 -0.009 0.006 0.003 -0.009 -0.009 -0.003

max 0.018 0.055 0.015 0.009 0.024 0.024 0.084 0.012 0.084 0.084 0.055
SD 0.009 0.019 0.003 0.005 0.014 0.009 0.032 0.004 0.017 0.018 0.016

Fy5 avg -0.037 -0.034 -0.035 -0.064 -0.050 -0.051 -0.042 -0.055 -0.045 -0.050 -0.035
(BW) min -0.051 -0.047 -0.042 -0.099 -0.068 -0.099 -0.078 -0.106 -0.106 -0.106 -0.051

max -0.021 -0.016 -0.020 -0.032 -0.026 0.020 -0.028 -0.031 -0.016 -0.020 -0.016
SD 0.016 0.012 0.013 0.030 0.018 0.024 0.020 0.031 0.022 0.024 0.013

MOM
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Table 15: Results for the statistical analysis of the ground reaction forces 

Fx1 Fx2 Fx3 Fx4 Fx5 Fx6 Fy1 Fy2 Fy3 Fy4 Fy5 Fz1 Fz2 Fz3 Fz4 Fz5 Fz6 Fz7 LR PR
MOP COP >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05

MOM 0.03 >0.05 0.03 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05
MOM-PS 0.01 0.04 0.02 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05
COC >0.05 >0.05 0.02 >0.05 >0.05 0.03 0.02 >0.05 >0.05

COP MOM >0.05 >0.05 >0.05 0.05 >0.05 >0.05 >0.05 0.047 >0.05
MOM-PS 0.02 >0.05 0.04 >0.05 0.02 >0.05 >0.05 >0.05 >0.05
COC >0.05 >0.05 0.04 >0.05 >0.05 0.04 0.01 >0.05 0.03

MOM MOM-PS >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05
COC >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05

MOM-PS COC >0.05 0.03 >0.15 >0.15 >0.05 >0.05 0.01 >0.15 >0.15

hard soft 0.00 >0.05 0.002 >0.15 0.03 >0.05 >0.05 >0.15 >0.15

>0
.0

5

>0
.0

5

>0
.0

5

>0
.0

5

>0
.0

5

>0
.0

5

>0
.0

5

Bearing
Antero-posterior Parameters Medio-lateral Parameters Vertical Parameters

>0
.0

5

>0
.0

5

>0
.0

5

>0
.0

5
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Table 16: Maximum Vertical Ground Reaction Forces and Location in the Gait Cycle 

avg SD avg SD
4 1.01 ( 0.98 - 1.07 ) 0.04 58% ( 34% - 79% ) 24%
6 1.04 ( 0.95 - 1.31 ) 0.14 62% ( 33% - 77% ) 21%

Zimmer 
(large) 3 0.97 ( 0.96 - 1.00 ) 0.03 71% ( 63% - 79% ) 8%

Biomet 
(large) 4 0.98 ( 0.96 - 0.99 ) 0.01 46% ( 36% - 57% ) 10%

Biomet 
(medium) 4 0.98 ( 0.96 - 1.01 ) 0.02 48% ( 32% - 72% ) 17%

Overall 
MOM 11 0.98 ( 0.96 - 1.01 ) 0.02 53% ( 32% - 79% ) 16%

5 1.00 ( 0.97 - 1.03 ) 0.02 41% ( 19% - 77% ) 22%
5 0.99 ( 0.95 - 1.03 ) 0.03 47% ( 31% - 74% ) 17%

31 1.00 ( 0.95 - 1.31 ) 0.06 53% ( 19% - 79% ) 19%
21 0.98 ( 0.95 - 1.03 ) 0.02 49% ( 19% - 79% ) 18%
10 1.03 ( 0.95 - 1.31 ) 0.11 61% ( 33% - 79% ) 21%

Time to Maximum Force
(% stance)

(min-max) (min-max)

Hard
Soft

Maximum Force
(BW)

M
O

M

MOM-PS
COC

All patients

Bearing Subjects
MOP
COP
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Table 17: Swing, stance and total gait cycle times. 

avg SD avg SD avg SD avg SD avg SD
4 0.5 ( 0.3 - 0.6 ) 0.1 28% ( 22% - 30% ) 4% 1.2 ( 1.1 - 1.3 ) 0.1 72% ( 70% - 78% ) 4% 1.6 ( 1.5 - 1.9 ) 0.2
6 0.7 ( 0.5 - 1.4 ) 0.4 29% ( 22% - 50% ) 11% 1.6 ( 1.4 - 1.8 ) 0.2 71% ( 50% - 78% ) 11% 2.2 ( 2.0 - 2.8 ) 0.3

Zimmer 
(large) 3 0.5 ( 0.4 - 0.6 ) 0.1 21% ( 20% - 23% ) 2% 2.0 ( 1.7 - 2.1 ) 0.2 79% ( 77% - 80% ) 2% 2.5 ( 2.2 - 2.7 ) 0.3

Biomet 
(large) 4 0.4 ( 0.3 - 0.7 ) 0.2 25% ( 20% - 29% ) 4% 1.3 ( 1.1 - 1.6 ) 0.3 75% ( 71% - 80% ) 4% 1.7 ( 1.4 - 2.3 ) 0.4

Biomet 
(medium) 4 0.6 ( 0.4 - 0.6 ) 0.1 29% ( 25% - 35% ) 4% 1.4 ( 1.2 - 1.5 ) 0.2 71% ( 65% - 75% ) 4% 1.9 ( 1.8 - 2.1 ) 0.2

Overall 
MOM 11 0.5 ( 0.3 - 0.7 ) 0.1 26% ( 20% - 35% ) 5% 1.5 ( 1.1 - 2.1 ) 0.4 74% ( 65% - 80% ) 5% 2.0 ( 1.4 - 2.7 ) 0.5

5 0.5 ( 0.3 - 0.7 ) 0.2 28% ( 20% - 35% ) 6% 1.4 ( 1.1 - 1.6 ) 0.2 72% ( 65% - 80% ) 6% 1.9 ( 1.3 - 2.3 ) 0.4
5 0.5 ( 0.3 - 0.7 ) 0.2 24% ( 21% - 26% ) 2% 1.6 ( 0.9 - 2.1 ) 0.5 76% ( 74% - 79% ) 2% 2.1 ( 1.2 - 2.8 ) 0.6

31 0.5 ( 0.3 - 1.4 ) 0.2 27% ( 20% - 50% ) 6% 1.5 ( 0.9 - 2.1 ) 0.3 73% ( 50% - 80% ) 6% 2.0 ( 1.2 - 2.8 ) 0.4
21 0.5 ( 0.3 - 0.7 ) 0.1 26% ( 20% - 35% ) 5% 1.5 ( 0.9 - 2.1 ) 0.4 74% ( 65% - 80% ) 5% 2.0 ( 1.2 - 2.8 ) 0.5
10 0.6 ( 0.3 - 1.4 ) 0.3 28% ( 22% - 50% ) 8% 1.4 ( 1.1 - 1.8 ) 0.2 72% ( 50% - 78% ) 8% 2.0 ( 1.5 - 2.8 ) 0.4

(min-max) (min-max) (min-max)

All Patients
Hard
Soft

MOP
COP

M
O

M

MOM-PS

Total GaitStance (sec)Swing (sec)

COC

Swing (%) Stance (%)
(min-max)Bearing (min-max)# patients
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Table 18: Bearing and sound correlation 
 

Sound

Bearing

MOP x x isolated

COP x x x x x isolated

MOM-PS x x x x x x isolated

MOM x x x x x x sustained

COC x x x x sustained

Grating Cracking Squeacking Duraion of soundPops / 
Knocking

Snaps / 
Thuds Knocking Crunching
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Table 19: Comparison of our femoral frequency results to previous research 

Thomas et al., 
1990 

Couteau et al., 1998 Campbell 
et al., 
1981 Normal THA 

Khalil 
et al., 
1981 Normal THA 

 

Experimental Exp. FEM Exp. FEM 
Mode 1 750-800 138-177 None 

found 
250 302 288 278 264 

Mode 2 - - - 315 353 364 330 324 
Mode 3 - - - 825 887 819 758 693 
Mode 4 - - - 879 931 932 832 780 

Jaecques et al., 
2004 

Present study Rosenstein et al., 
1989 

Taylor et al, 
2002 

Normal THA THA 

 

Normal THA Exp. FEM FEM Experimantal 
Mode 1 220-375 230-325 285 285 300 300 268-495 
Mode 2 - - 317 324 336 328 368-456 
Mode 3 - - 521 489 599 730 
Mode 4 - - 777 710 844 893 767-975 
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Appendix C: Figures 

 DEVELOPMENT AND IMPLEMENTATION OF MATHEMATICAL MODELING, VIBRATION 
AND ACOUSTICS TO CORRELATE IN VIVO KINEMATICS, KINETICS AND SOUND IN 

TOTAL HIP ARTHROPLASTY WITH DIFFERENT BEARING SURFACES 

Surgeon: Harold E. Cates, MD

Research

IRB 

Patients 

Hospital: Tennessee Orthopaedics Clinic; Knoxville, TN, USA 

HIPPA Questionnaire 

Fluoroscope 

2D kinematics 

3D to 2D registration 

Data Acquisition 
System 

Ground Reaction 
Forces 

Accelerometers

Sound Sensor

Mathematical 
Modeling 

3D kinematics 

3D kinematics

Ground Reaction 
Forces 

Synchronization

3D kinetics Sound and Vibration

Results

Final Report

Results evaluation

 

Figure 1: Flow chart of the research plan 
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  Level walking 

Single Plane Video-Fluoroscopy 

Accelerometer Measurements 

Sound Measurements 

Force Plate 

3D to 2D 
Registration 

Acoustic and 
Vibration Analysis 

Ground Reaction 
Forces 

Diagnosis of Separation 

MOP 

COP 

MOM 

MOM-PS 

COC 

3D Kinetic Analysis 

Sound and Vibration Correlation 

3D Kinematic Analysis 

 

Figure 2: Research overview 

 
 
 
 

 

Figure 3: Osteoarthritis in the Hip (Orthopaedic Associates, 2008) 
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Figure 4: Schematic diagram of instrumentation for acoustic and vibration analysis 
combined with fluoroscopic-video-capturing system and ground reaction force 
measurement 
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Figure 5: Fluoroscopy Machine with Treadmill and Subject [left]; Top View of 
Fluoroscopy Machine, Image of Radiation Source to Image Intensifier [right] 

 
 
 
 

 

Figure 6: Example fluoroscopic image of a hip joint in a view from AP direction  
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Figure 7: Example fluoroscopic image of a hip joint with the implant components in pose  

 
 

 

Figure 8: Example fluoroscopic image with overlaid implant components 

 
 

 

 

Figure 9: Force plate with sensor description (AccuGait, 2005) 
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Figure 10: Application created to read, calibrate, calculate and analyze the signals 

 
 
 

 

Figure 11: Walking direction on top of the force plate 

 
 
 

 

Figure 12: PCB Tri-axial accelerometer compared with penny  
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Figure 13: Sound sensor compared with a Quarter 

 
 
 
 

 

Figure 14: Interface of the new software for synchronization of video and data acquisition 
signals 
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Figure 15: An Example for 3-D CAD Model Matching Projected Fluoroscopy Image 
Silhouette for a knee joint implant 

 
 
 
 

 

Figure 16: An Example for 3-D CAD model matching projected fluoroscopy image 
silhouette for a hip joint implant 
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Figure 17: Full Sequence of Analyzed Images with 3-D Models Overlaid 

 

 

 

 

Figure 18: Fluoroscopic image, 3D registered implant components and a 3D view of the 
hip joint implant pose 
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Figure 19: 3D view of the hip joint implant positions after successful 3D kinematics 
reconstruction 

 

 

 

Figure 20: The distance D between the center of the femoral head and the acetabular 
component is denoted as hip joint separation when it exceeds 0.5mm 



 

Figures  Page 209 

-30

-20

-10

0

10

20

30

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

A
ng

le
s 

(d
eg

re
es

)

 

Figure 21: Example flexion/extension of the hip during the entire gait cycle 
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Figure 22: Example internal/external rotation of the hip during the entire gait cycle 
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Figure 23: Example abduction/adduction rotation of the hip during the entire gait 
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Figure 24: Graphical representation of the GRF parameters in x-direction 

 

 

 
 

Figure 25: Graphical representation of the GRF parameters in x-direction 
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Figure 26: Graphical representation of the GRF parameters in y-direction 
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Figure 27: Example of STFT signal analysis. Left: Signal in time domain (x-Axis: Time in 
% of gait cycle starting with toe off, y-Axis: Signal Amplitude); Right: Time-frequency 
spectrogram (x-Axis: Time in % of gait cycle starting with toe off, y-Axis: Frequency in 
Hz) 
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Figure 28: Noise profile (top: noise in the time domain, bottom: spectrogram of the noise) 

 
 
 
 

 

 

Figure 29: Filtered noise profile (top: noise in the time domain, bottom: spectrogram of 
the noise) 

 

 



 

Figures  Page 213 

A
m

pl
itu

de

Time

Captured Time-Domain Signal

Fourier Transform

FT
Fourier Transform

FT

STFT

Fr
eq

ue
nc

y

Time

Frequency-Domain

A
m

pl
itu

de

Frequency

Short-Time
Fourier Transform

STFT

Short-Time
Fourier Transform

STFT

 

Figure 30: Diagram of the Fourier Transform and the Short-Time Fourier Transform 
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Figure 31: Diagram of the Wavelet analysis 
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Figure 32: Diagram of the one dimensional DWT analysis for 3 level analysis 
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Figure 33: Different mother wavelets and scaling functions 

 
 
 
 

 

Figure 34: DB6 wavelet applied in the analysis 
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Figure 35: Example of signal analysis and decomposition in squeaking and knocking 
components. Left: Signal in time domain (x-Axis: Time in % of gait cycle starting with toe 
off, y-Axis: Signal Amplitude); Right: Time-frequency spectrogram (x-Axis: Time in % of 
gait cycle starting with toe off, y-Axis: Frequency in Hz) 
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Figure 36: Original image of bead-board used for distortion correction (top left), cleaned 
up bead-board (top right), beads identified from Matlab application (bottom left) and un-
warped/corrected bead-board image 
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Figure 37: Beam vibration measurement with both accelerometer to test synchronization, 
cross talk and proper orientation of the axis 
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Figure 38: Signal generated from the calibrator and recorded by the accelerometer 

 
 

 

 

Figure 39: Measured frequency produced by the calibrator 

 



 

Figures  Page 219 

 

Figure 40: Soft tissue movement 

 
 
 
 

 

Figure 41: Muscle contractions 
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Figure 42: Coupling of the different measurement reference frames 

 
 
 

 

Figure 43: 3D Schematic of the Leg 
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Figure 44: Rotation of the foot with respect to the ground during the entire gait cycle 
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Figure 45: Rotation of the ankle with respect to the foot during the entire gait cycle 
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Figure 46: Rotation of the knee during the entire gait cycle 
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Figure 47: Example ground reaction forces 
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Figure 48: Contact point of foot with ground 
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Figure 49: Tibio-Femoral Contact During the Stand Phase: contact point on the tibia [left], 
contact point on the femur [right] 

  
 
 
 

 

Figure 50: AP Position of the knee contact point on the tibia during the stance phase of 
gait with respect to the central axis of the tibia 
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Figure 51: AP Position of the knee contact point on the tibia during the entire gait cycle 
with respect to the central axis of the tibia 
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Figure 52: AP and SI position of the knee contact point on the femur during the stance 
phase of gait with respect to the central axis of the femur 
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Figure 53: AP position of the knee contact point on the femur during the entire gait cycle 
gait with respect to the central axis of the femur 
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Figure 54: SI position of the knee contact point on the femur during the entire gait cycle 
with respect to the central axis of the femur 
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Figure 55: AP position of the hip contact point on the femur during the entire gait cycle 
from the center of the femoral head 
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Figure 56: SI position of the hip contact point on the femur during the entire gait cycle 
from the center of the femoral head 
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Figure 57: AP position of the hip contact point on the pelvis during the entire gait cycle 
from the center of the femoral head 
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Figure 58: SI position of the hip contact point on the pelvis during the entire gait cycle 
from the center of the femoral head 
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Figure 59: Change of the length in patellar ligament and quadriceps. 
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Figure 60: Closed loop patellar ligament – patella – quadriceps chain and free body 
diagram 

 
 
 

 

Figure 61: Hip joint capsule 
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Figure 62: Schematic representation of the hip joint ligaments as defined in the model 

 
 
 
 

 

Figure 63: Dimension Measurement of CT scanned Cadaver using Rapidform 



 

Figures  Page 229 

Q1

Q1

Q1

Q1

Q2

Q2

Q3

Q3

a) b) c) d) e)

 

Figure 64: Sequential rotations: a) original reference frame, b)-d) sequential rotations in 
3-1-2 order, e) original and final orientation of the reference frame 

 
 
 

a) -5

0

5

0% 20% 40% 60% 80% 100%

Gait Cycle (%)Se
pa

ra
tio

n 
(m

m
)

 

b) -5

0

5

0% 20% 40% 60% 80% 100%

Gait Cycle (%)Se
pa

ra
tio

n 
(m

m
)

 

c) -5

0

5

0% 20% 40% 60% 80% 100%

Gait Cycle (%)Se
pa

ra
tio

n 
(m

m
)

 

Figure 65: Average separation (red) and ± 1SD (standard variation, blue) for a) MOP, b) 
COP and c) MOM-PS groups 
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Figure 66: Average separation (red) and ± 1SD (standard variation, blue) for a) MOM 
Zimmer large head, b) MOM Biomet large head, c) MOM Biomet medium head and d) all 
MOM groups 
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Figure 67: Average separation (red) and ± 1SD (standard variation, blue) for a) hard on 
soft bearings and b) hard-on-hard bearings groups 
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Figure 68: The average maximum separation with standard deviation (SD) for all groups 
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Figure 69: Separation for a large femoral head implant 
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Figure 70: The location of the maximum separation for each patient during the entire gait 
cycle 
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Figure 71: Correlation of separation and sound signal for M/M-PS patient. HS: heel strike, 
TO: toe-off 
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Figure 72: Illiofemoral ligament forces for both fibers and the entire Illiofemoral force 
(F_IA) for an example patient 
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Figure 73: Ischiofemoral ligament forces for all 6 fibers and the entire ischiofemoral force 
(F_IP) for an example patient 
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Figure 74: Illiofemoral and the Ischiofemoral ligament forces for an example patient 



 

Figures  Page 235 

-200

0

200

400

600

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Gait Cycle (%)

Fo
rc

e 
(N

)

F_PL
F_QD
F_PT

 

 

Figure 75: Patellar ligament, quadriceps and patellar force for an example patient 
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Figure 76: Joint reaction forces for the ankle and the knee as well as ground reaction 
forces for an example patient. 
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Figure 77: Hip contact forces for the different bearing groups. 

 
 
 
 

 

 

Figure 78: Ground reaction forces for the metal-on-polyethylene group – top left: average 
forces, top right: vertical average force with SD intervals, bottom left: average force in x-
direction with SD intervals, bottom right: average force in y-direction with SD intervals. 
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Figure 79: Ground reaction forces for the ceramic-on-polyethylene group – top left: 
average forces, top right: vertical average force with SD intervals, bottom left: average 
force in x-direction with SD intervals, bottom right: average force in y-direction with SD 
intervals. 

 
 
 

 

 

Figure 80: Ground reaction forces for the metal-on-metal group – top left: average forces, 
top right: vertical average force with SD intervals, bottom left: average force in x-
direction with SD intervals, bottom right: average force in y-direction with SD intervals. 
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Figure 81: Ground reaction forces for the metal-on-metal polyethylene-sandwich group – 
top left: average forces, top right: vertical average force with SD intervals, bottom left: 
average force in x-direction with SD intervals, bottom right: average force in y-direction 
with SD intervals. 

 
 
 

 

 

Figure 82: Ground reaction forces for the ceramic-on-ceramic group – top left: average 
forces, top right: vertical average force with SD intervals, bottom left: average force in x-
direction with SD intervals, bottom right: average force in y-direction with SD intervals. 
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Figure 83: Correlation of separation (red) and sound (blue) signal for example patients. a) 
damp knocking, b) and c) knocking, d) and e) squeaking combined with some knocking 
components. Left: Signal in time domain (x-Axis: Time in % of gait cycle starting with toe 
off, y-Axis: Signal Amplitude); Right: Time-frequency spectrogram (x-Axis: Time in % of 
gait cycle, y-Axis: Frequency in Hz) 
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Figure 84: Signal from accelerometers attached to femur and pelvis, showing the various 
vibration patterns. HS: heel strike, TO: toe-off 
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Figure 85: Acceleration signal measured on two example patients 
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Figure 86: Frequency content 
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Figure 87: Isolated areas of the signal 
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Figure 88: Frequency content of the isolated time interval 
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Figure 89: Waveform identified with MOM patients 
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Figure 90: Frequency content of a MOM patient 
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Figure 91: Pseudospectrum of a MOM patient 
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Figure 92: ‘Rusty door hinge’ signal wave form, FFT and transfer function 
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Figure 93: Crepitus signal wave form, FFT and transfer function 
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Figure 94: ‘Rusty door hinge’ signal wavelet analysis function 
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Figure 95: Crepitus signal wavelet analysis 
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Figure 96: Signal of a MOM patient: wave form, transfer function and wavelet analysis 
function 
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Figure 97: Signal of a MOM patient: wave form, transfer function and wavelet analysis 
function 
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Figure 98: Signal of a MOM patient: wave form, transfer function and wavelet analysis 
function 
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Figure 99: Signal of a COP patient: wave form, transfer function and wavelet analysis 
function 
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Figure 100: Signal of a MOM patient with small diameter femoral head: wave form, 
transfer function and wavelet analysis function 
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Figure 101: Signal of a MOM-PS patient: wave form, transfer function and wavelet 
analysis function 



 

Figures  Page 247 

1.974 1.976 1.978 1.98 1.982 1.984 1.986 1.988

-6

-4

-2

0

2

4

6

8

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
0

1

2

3

4

5

6
Transfer Function Magnitude Estimate

Frequency (Hz)

Absolute Values of Ca,b Coefficients for a =  2 4 6 8 10 ...

time (or space) b

sc
al

es
 a

20 40 60 80 100 120 140
  2

 10
 18
 26

 34
 42
 50

 58
 66

 74
 82
 90

 98
106
114

122

 

Figure 102: Signal of a MOM-PS patient: wave form, transfer function and wavelet 
analysis function 
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Figure 103: Signal of a MOP patient: wave form, transfer function and wavelet analysis 
function 
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Figure 104: Signal of a COC patient: wave form, transfer function and wavelet analysis 
function 
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Figure 105: Wavelet analysis and denoising for an example signal: approximation and 
detail coefficients 
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Figure 106: 3-Level wavelet tree and analysis of the (3,1) level 
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