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Hip Replacement Surgery is a multi-million dollar industry in the world. 

Several million dollars are annually spent on the research and development of 

new and improved materials to be used in the manufacturing of these 

prostheses. Unfortunately the testing methods used to evaluate these newly 

developed prostheses are somewhat lacking.  
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A lifetime in the excess of 30 years is expected if one is to believe the current 

wear rate obtained in simulator testing. These tests involve a ceramic ball 

running on an ultra high molecular weight polyethylene (UHMWPE) 

acetabular cup. Unfortunately the current actual expected lifespan of modern 

day hip replacement parts are in the order of between 12 and 15 years 

(Jacobson 2003, p.32). From this it is clear that the wear rate obtained from 

simulator testing is not the governing parameter in the expected lifespan of the 

prostheses.  
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In order to try and better understand why revision surgery is needed, one needs 

to look at what causes a patient to receive revision surgery. In Figure 1.1 a 

summary of the data obtained from the Swedish (Malchau et al. 2002, p.4) and 

Australian (Graves et al. 2002, p.18) Hip Registers are shown.  
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Figure 1.1 – A summary of the reasons as to why patients receive more than one hip replacement as 

published in the Swedish (Malchau et al. 2002, p.4) and Australian (Graves et al. 2002, p.18) Hip 

Registers. 
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The primary cause for aseptic loosing is indicated in literature (Haraguchi el. 

al. 2001, p.29, Tipper et al. 2001, p.120 & Saikko et al. 2001, p.1507) as 

being a foreign body reaction (osteolysis) to the wear debris accumulating in 

and around the joint. Size and volume of the wear particles in the joint can be 

linked to the amount of osteolysis in the joint, according to the above 

scientists. If the size and volume of wear particles produced by the joint can be 

controlled, one can be sure to increase the expected lifespan of the prosthesis. 

 

It was only recently that an international standard for the testing of hip 

implants (ISO 14242-1:2002) was proposed and accepted. This standard 

tackled one of the most debated issues, namely the load profile used during the 

testing. Prior to this standard two load profiles were commonly used namely 

the Paul (1967, p.53) and the Bergman (1992, p.969) profiles. The load profile 

proposed by the international standard is similar in shape to that proposed by 

Paul. 

 

The fluid test medium proposed in the standard is a 25 ± 2 % Calf Serum 

solution with a minimum protein mass of 17g/l. This test medium was shown 

by Mazzucco el. al. (2002, p.1157) to have Newtonian flow properties, while 

synovial fluid retrieved from patients showed non-Newtonian flow properties. 

It is also recommended that an anti-microbial reagent be used to minimise the 

microbial contamination in the fluid. The standard further proposed the fluid 

test medium to be changed every 500 000 cycles. 

 

Two problems can be seen in the proposed procedure. The first was that every 

time the fluid test medium was replaced, the accumulative wear debris was 

removed and thus the third body abrasive wear was reduced. This resulted in a 

longer life expectancy. The second problem was that the standard proposed 

that the test had to be stopped every 500 000 cycles and that the wear had to 

be measured. This process involved the disassembling and assembling of the 

test prosthesis. The net result of this was that the likelihood of picking up the 

exact wear pattern in the test pieces was reduced dramatically. Basically with 

every restart, a new test began, with new fluid and on a "new" bearing surface.  
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The main aim of this research project is to develop a fluid that could replace 

the Calf Serum as the fluid test medium. The following methodology was 

used:  

 

• Joint fluid from a range of patients, including primary and revision 

patients, were retrieved and characterised, in terms of its lubricity and 

viscosity, over a temperature range of between 38ºC and 60ºC 

• A synthetic lubricant was then developed to have similar lubricity and 

viscosity characteristics to that of the joint fluid tested. 

• This newly developed synthetic lubricant was then used in a simulator 

test. During this test the size and shape of the wear debris in the 

simulator were monitored and compared to wear debris retrieved from 

the scar tissues of revision patients. 
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2.1 Synovial fluid 

 

A brief description of where synovial fluid is found and its chemical 

composition will be given in this section. 

 

Synovial fluid is found in a healthy natural synovial joint. Typical synovial 

joints are the hip, shoulder and knee. All of these joints differ in shape but the 

lubrication mechanism stays the same. The basic lay-out of the synovial joint 

can be described as follows:  

 

The ends of the bones are covered with articular cartilages. The whole joint is 

closed up in a capsule called the fibrous capsule. This capsule is lined with the 

synovial membrane called the synovial capsule. The capsule is filled with a 

fluid called synovial fluid or synovia, meaning “like egg white” 

(Basmajion 1937, p.20). Synovial fluid appears yellowish in colour. 

Figure 2.1 – A schematic drawing of the human hip joint as presented by Rowett (1973, p.30).  
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The synovial membrane is a thin sheet of areolar tissue, see Figure 2.2. The 

areolar tissue is known for its richness in blood vessels and lymphatics. The 

synovial membrane has the ability to change the plasma into synovial fluid. 

By using this ability the level and concentration of the synovial fluid can be 

monitored. 

Figure 2.2 – A schematic presentation of areolar tissue by Rowett (1973, p.32). 

 

Synovial fluid  has two main functions. The first function is the nutrition of the 

joint. This is necessary because articular cartilages have neither blood vessels 

nor lymphatics. The cartilage receives all its nourishment via the diffusion of 

fluids into the cartilage. Sokoloff (1978, p.407) reported that cartilages not 

only live in synovial fluid, but can also grow in it. 

 

The second function is the lubrication of the joint. This is one of the principle 

interests for this research. More will be said later on this subject. 

 

From this discussion one can see that to have synovial fluid in a joint, a 

healthy, fully functional synovial membrane is needed to manufacture the 

synovial fluid. During hip replacement surgery the synovial membrane needs 

to be cut to get to the acetabulum. Some surgeons even remove the synovial 

membrane. It is not widely known (no references in literature) whether the 

synovial membrane can function properly after surgery and this raises the 

question whether or not the fluid present in the joint after arthroplasty really is 

synovial fluid. During the course of this research, the fluid inside the joint, 

whether retrieved from primary or revision patients’, will be referred to as 

joint fluid.     
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2.2 Chemical composition of synovial fluid 

 

The exact constituents of synovial fluid are not known and it can vary from 

patient to patient or even form synovial joint to synovial joint. This will be 

shown in Chapter 3.4.1. The condition of the joint and other joint 

abnormalities can also play a roll in the composition of synovial fluid 

(Sokoloff 1978, p.448). However, some components are known. 

 

Hyaluronic acid (HA) and proteins are the main components of synovial fluid. 

Sokoloff (1978, p.409) stated that all the proteins in the synovial fluid could 

be derived from plasma. There are also other high molecular weight plasma, 

such as macroglobulins and lipoproteins, present in small concentrations 

(Sokoloff 1978, p.409). 

 

2.2.1 Hyaluronic Acid 

 

Hyaluronic Acid (HA, hyaluron) is a linear nonsulfated polysaccharide 

composed largely of 2-acetamido-2-deoxy-3-Ο-β-D-glucopyranosyluronic 

acid-D-glucose linked by 1.4β-glycosidic linkages (Sokoloff 1978, p.412), see 

Figure 2.3.  From literature it was shown that the structure of hyaluron stays 

the same for other tissues, see Table 2.1 (Laurent and Fraser 1992). 

Hyaluronic acid is produced by the peripheral tissues and is transported via the 

lymphatic system. It can be found in almost every part of the human body. 
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Figure 2.3 – The structure of hyaluronic acid (Laurent and Fraser 1992). 

n 

 

Table 2.1 – Concentrations of hyaluronic acid in different tissues or fluids (Laurent and Fraser 1992).  

Tissue or fluid Concentration [mg/l] 

Rooster Comb 7500

Human Umbilical cord 4100

Human Synovial fluid 1420-3600

Bovine Nasal Cartilage 1200

Human Vitreous Body 140-338

Human Dermis 200

Human Thoracic Lymph 8.5-18

Human Urine 0.1-0.5

Human Serum 0.01-0.1

 

According to Laurent and Fraser (1992), hyaluron has only a half-life of a few 

minutes before it is taken up by the liver and broken down to carbon dioxide 

and water. The process of braking down hyaluronic acid takes about 20 

minutes. The half-life of the polymer in the skin and joints is about 12 hours 

(Laurent and Fraser 1992). 

 

It is believed that the viscous behaviour of synovial fluid is a result of this 

high-molecular-mass polysaccharide (Sokoloff 1978, p.415).  
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2.2.2 Lubricating Glycoproteins 

 

Proteins are molecules that have high molecular weight ranging from a few 

thousand to a million or more. Proteins are built up from mixed polymers of 

amino acids. Proteins will therefore contain carbon, hydrogen, oxygen and 

nitrogen. Some proteins also contain sulphur, phosphorus and even mineral 

elements (Conn and Stumpf 1972). Table 2.2 gives the general classification 

of conjugated proteins based on their non-protein (prosthetic) portions. 

 

Table 2.2 – Classification of proteins (Suttie 1972). 

Protein Contents 

Nucleoproteins Contain nucleic acid, usually bound to a basic protein 

Glycoproteins Contain carbohydrate groups 

Phosphoproteins Yields H3PO4 upon hydrolysis (not nucleic acid or phospholipid) 

Lipoproteins Combination protein and lipid (usually, but not always 

phospholipid) 

Chromoproteins Contain colored prosthetic groups such as heme groups or flavins 

 

The hypothesis proposed is that the proteins interact with the surface of the 

articular cartilage and that this then acts as the boundary lubricant in the joint. 

The following is known about glycoproteins and its lubrication ability on the 

articular cartilage: 

 

According to Sokoloff (1978, p.416), Linn and Radin added trypsin to 

synovial fluid and found that the lubricity decreased. Trypsin is known to 

break down proteins (O’Kelly et al. 1978, p.75). An increase in the trypsin 

concentration would result in a decrease in the protein concentration.  
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During the same study they also added hyaluronidase to the synovial fluid and 

found that the lubricity remained the same. Hyaluronidase is a serum that 

breaks the hyaluronic acid chains (O’Kelly et al. 1978, p.75). 

 

The same researchers also assumed that the hyaluronic acid played a role in 

the lubrication of the joint. This led them to conclude that the protein 

component of the hyaluronic acid was responsible for the lubrication and 

further that the lubrication was independent of the chain length of the 

polysaccharide. 

 

Sokoloff (1978, p.416-430) gives a detailed description of all the experiments 

that was done to isolate the different proteins in the synovial fluid. The 

following paragraphs are just a summary of the findings of the different 

scientists involved in the research. The reader is referred to the original 

research material for the respective references used in the following 

paragraphs. 

 

In 1970 Radin showed that lubricating activity was found in the protein 

fraction of bovine synovial fluid. This could indicate that the proteins gave the 

lubricity of the fluid and that hyaluron wasn’t necessary for the lubrication. 

 

Swann and Radin continued the research and showed in 1972 that the active 

ingredients responsible for lubrication were high molecular weight or 

asymmetric constituents. Attempts were then made to isolate this active 

ingredient that was responsible for the lubricating ability by various scientists. 

The following three components were isolated: LGP-1 (Lubricin), LGP-2 and 

a small amount of proteins similar to γ-globulin. 
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Analysis of purified, pooled LGP-1 showed that it was composed of amino 

acid and carbohydrate constituents. It had a molecular weight of 227,500. 

Swann and Bloch have shown that LGP-1 is absent in serum. It has also not 

been found in the articular cartilage. The only explanation given to its 

existence is that it is produced by the synovial membrane and is only found in 

synovial fluid. 

 

Purified LGP-1 at a concentration of 0.5mg/ml had half the lubricity ability of 

normal synovial fluid.  A more purified LGP-1 isn’t yet available to see if the 

same lubricating ability can be found at higher concentrations than that of 

synovial fluid. There might also be a loss of ingredients during the purification 

process and this might also influence the lubricating ability. 

 

LGP-2 had been found in small quantities in the articular cartilage. It has a 

molecular weight of 70,000. The identity and relationship of LGP-2 isn’t 

known at this stage. 

 

2.2.3 Hyaluronic acid, glycoproteins and lubricity 

 

O’Kelly et al. (1978, p.75) conducted an interesting study on this subject by 

using a pendulum apparatus fitted with articular cartilage retrieved during 

autopsies.  

 

Different fluids were used during their comparison study, namely bovine 

synovial fluid retrieved from animal joints immediately after death, synovial 

fluid retrieved from a patient with rheumatoid arthritis and water with added 

hyaluronic acid to increase the viscosity. The fluids of interest in this study 

were the synovial fluids. 

 

Hyaluronic acid was added to the synovial fluid retrieved from the patient to 

increase the viscosity of the fluid, as the viscosity was much lower than that of 

the bovine synovial fluid. 
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Both the bovine and patient synovial fluids were divided into deferent sub-

volumes. The first of these sub-volumes was then treated with trypsin to 

decrease the protein concentration in the fluid. This was designated (t). The 

second sub-volume was treated with hyaluronidase to break down the 

hyaluronic acid in the synovial fluid (h), while the third sub-volume was left 

untreated (u). The results from this study can be seen in Figure 2.4 for the 

human synovial fluid and Figure 2.5 for the bovine synovial fluid. 

 

The effects of trypsin and hyaluronidase on the lubrication ability of 
synovial fluid retrieved from a patient with rheumatoid arthritis
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Figure 2.4 – Results published by O’Kelley et al. (1978, p.77) using synovial fluid, retrieved from a 

patient with rheumatoid arthritis, in a pendulum test apparatus 
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The effects of trypsin and hyaluronidase on the lubrication ability of 
bovine synovial fluid
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Figure 2.5 – Results published by O’Kelley et al. (1978, p.77) using bovine synovial fluid in a 

pendulum test apparatus 

 

From Figures 2.4 and 2.5 it can be seen that decreasing the protein 

concentration by adding trypsin to the synovial fluid, resulted in a decrease in 

the coefficient of friction. An increase in the coefficient of friction was found 

when adding hyaluronidase to the synovial fluid thus decreasing the 

concentration of hyaluronic acid.  Although the amount of change to the 

coefficient of friction differs between the bovine and human synovial fluid, the 

general tendency was the same.  

 

It is important to note that the above study did not compensate for any 

viscosity changes to the fluid. The results of their study can unfortunately not 

be generalised to all patients, due to the small sample size of human synovial 

fluids (only one patient was used in the study). It is, however, interesting to 

see the effect that protein and hyaluronic acid concentrations have on the 

lubrication abilities of synovial fluid. 
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The results of previous studies were contradictory to the results found by 

O’Kelly et al. For instance Sokoloff (1978, p.417) reports that the lubricating 

ability of synovial fluid was destroyed when trypsin was added to the fluid, 

resulting in a decrease in the protein concentration. 

 

2.3 Viscous behaviour of synovial fluid  

 

Viscosity is one of the most important parameters of a lubricant and can be 

defined as the measure of resistance of a fluid to shearing flow (Hutchings 

1999, p.56). A more technical definition for viscosity is that it is the ratio 

between the shear rate and the shear stress.  The ratio between shear rate and 

the shear stress can be found by doing a simple experiment as explained in 

Hutchings (1999, p56): 

 

   

A 

τ 

τ 

h 

V0
y 

x 

Figure 2.6 – A schematic drawing of typical viscosity measurement equipment. 

 

Two plates are placed submerged in a fluid. One plate is then moved relatively 

to the other while measuring the shear force required. The velocity gradient in 

the fluid is assumed to be constant and uniform between the two plates. The 

following calculation can be made from the results of such a test: 

 

dy
dυητ =   

 

 where   τ = shear stress acting on the planes 

  η = viscosity 

   dν/dy = velocity gradient or shear rate 
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Figures 2.7 and 2.8 shows the differences between the different types of ratios 

found between shear rate and shear stress. Fluids with a linear ratio between 

the shear rate and shear stress are called Newtonian fluids. A non-Newtonian 

fluid is a fluid where a non-linear ratio is found between the shear rate and the 

shear stress. Shear thinning or pseudoplastic behaviour is a term used to 

describe the shear thinning effect of a non-Newtonian fluid, as the shear rate is 

increased.  

 

 

 

 

 

 

 

Figure 2.7 – The relationship between the shear 

rate versus the shear stress is shown for a 

Newtonian fluid and a pseudoplastic fluid. 

Figure 2.8 – The relationship between the shear 

rate and viscosity of both a Newtonian and a 

pseudoplastic fluid. 

Shear rate 

Newtonian 

Pseudoplastic 

V
is

co
si

ty
 

Sh
ea

r s
tre

ss
 

Shear rate 

Pseudoplastic 

Newtonian 

 

Previous studies have proved that synovial fluid is a non-Newtonian fluid that 

exhibits pseudoplastic behaviour (Cooke et al. 1978, p.66, Mazzucco et al. 

2002, p.1157 & Sokoloff 1978, p.448). 

 

The viscosity of synovial fluid in the temperature range of 20ºC to 38ºC has 

been extensively researched (Cooke et al. 1978, p.66, Mazzucco et al. 2002, 

p.1157 & Sokoloff 1978, p.448), but information at higher temperatures is not 

freely available. This leaves a serious gap in understanding the lubrication 

mechanism of the prosthetic hip joint where local hot spots can reach 

temperatures higher than the temperatures mentioned previously (Lu and 

McKellop 1997, p.101). 

 

 

 

    14

  
  

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd    --  OOppppeerrmmaann,,  TT    ((22000055))  



Chapter II – Survey of Literature   

Lu and McKellop (1997 p.101) did an experiment where they measured the 

temperature in a zirconium femoral head running in an ultra-high molecular 

weight polyethylene (UHWMPE) acetabular cup. A finite element model was 

then used to extrapolate the measured temperatures to estimated surface 

temperatures. A maximum temperature of 99ºC was calculated. 

 

Cooke, Dowson and Wright (1976 p.66) also investigated the effects of 

different joint related diseases on the flow properties of synovial fluid. 

Figure 2.9 shows a summary of their results obtained at 21ºC. Their results 

indicate a decrease in the viscous behaviour of the joint fluid retrieved from 

joints with joint related diseases.  

 

Summary of the work done by Cook et. al. (1976, p.66)
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Figure 2.9 – The differences between the viscosities of joint fluid retrieved from healthy joints versus 

the viscosities of fluid retrieved from joints with various joint related diseases. 

 

Mazzucco, McKinley, Scott and Spector (2002, p.1157), see Figure 2.10, 

investigated the difference in the viscosity of joint fluid retrieved from patients 

undergoing total knee arthroplasty (TKA). A total of three primary and three 

revision patients were evaluated in this study.  
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Two of the primary patients’ fluids were more viscous than the revision 

patients, while one primary patient’s fluid showed to have the same viscous 

behaviour than the revision patients.  

Summary of the work done by Mazzucco et al.  (2002, p.1157)
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Figure 2.10 – Summary of the work done by Mazzucco et al. (2002, p.1157) on joint fluid retrieved 

during total knee arthroplasty. 

 

It is necessary to note that the viscous behaviour of the results published by 

Cooke et al. (1976 p.66) differ as much as four orders for the same shear rate, 

while the difference in the viscous behaviour of the results published by 

Mazzucco et al. (2002, p.1157) differ by three orders for the same shear rate. 

 

From the above research, one can derive that: The effect of a temperature 

increase on the viscous behaviour of joint fluid is not well defined and that the 

results of the small number of patients cannot be generalised to the entire 

population of patients. It is thus required that an extensive amount of viscosity 

tests be done to define an average viscous behaviour as well as to predict the 

possible effect of a temperature change on the viscosity of synovial fluids of a 

representative population of patients   
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Lubricity is defined as the ability of a lubricant to support lubrication. Two 

parameters were used to quantify lubricity, namely load at failure and 

coefficient of friction. The effects of an increasing temperature were also 

investigated in the temperature range of 38ºC to 60ºC. 

Lubricity is defined as the ability of a lubricant to support lubrication. Two 

parameters were used to quantify lubricity, namely load at failure and 

coefficient of friction. The effects of an increasing temperature were also 

investigated in the temperature range of 38ºC to 60ºC. 

  

The joint fluids of 24 primary and 17 revision patients were tested. One 

primary patient undergoing a bilateral hip replacement was also investigated in 

this study. A total of 42 hip joints were thus included into this study. 

The joint fluids of 24 primary and 17 revision patients were tested. One 

primary patient undergoing a bilateral hip replacement was also investigated in 

this study. A total of 42 hip joints were thus included into this study. 

  

3.1 Apparatus used 3.1 Apparatus used 

  

Lubricity testing was conducted on a Linear-Oscillation Test Machine, also 

known as the SRV machine (ASTM D5706-97). The outcome of a lubricity 

test was the load (in Newton) at which breakthrough of the lubricating film 

occurred, as well as the average coefficient of friction measured. A schematic 

drawing of the Linear-Oscillation Test Machine is shown in Figure 3.1.  

Lubricity testing was conducted on a Linear-Oscillation Test Machine, also 

known as the SRV machine (ASTM D5706-97). The outcome of a lubricity 

test was the load (in Newton) at which breakthrough of the lubricating film 

occurred, as well as the average coefficient of friction measured. A schematic 

drawing of the Linear-Oscillation Test Machine is shown in Figure 3.1.  

  

 Head (A) 

Fixed specimen (C) 
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Oscillation 

Load 

Heating element (D) 

Figure 3.1 - A schematic representation of the working of a Linear-Oscillation Test Machine (SRV 

Machine) 

Figure 3.1 - A schematic representation of the working of a Linear-Oscillation Test Machine (SRV 

Machine) 
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The working of the machine is as follows: A specimen, known as the moving 

specimen (B), was clamped into the head of the machine (A) - this prevented 

the moving specimen from rotating relative to the fixed specimen, ensuring 

only a relative sliding motion. The fixed specimen (C) was placed on a heating 

element (D) to regulate the temperature of the test sample. An oscillating 

motion was generated with an actuator. The frequency and stroke length of 

this motion could be controlled via settings in the hardware of the test 

machine. 

The working of the machine is as follows: A specimen, known as the moving 

specimen (B), was clamped into the head of the machine (A) - this prevented 

the moving specimen from rotating relative to the fixed specimen, ensuring 

only a relative sliding motion. The fixed specimen (C) was placed on a heating 

element (D) to regulate the temperature of the test sample. An oscillating 

motion was generated with an actuator. The frequency and stroke length of 

this motion could be controlled via settings in the hardware of the test 

machine. 

  

3.2 Test Method 3.2 Test Method 

  

The joint fluid used in this research was retrieved mainly from the hip joints of 

patients that underwent hip surgery. An orthopaedic surgeon did the retrieval 

of the joint fluid prior to the implant procedure. The fluid was then stored in a 

freezer at –2ºC until collection. Once collected, the fluid was slowly defrosted 

at room temperature. Normal synovial fluid is yellowish in colour - see A in 

Figure 3.2. The joint fluid was then visually screened to identify the samples 

contaminated with blood - see C and D in Figure 3.2. These samples were then 

excluded from the study. The retrieved fluid was then centrifuged for 

five minutes at low velocity (±1 000 g) to separate any wear particles from the 

retrieved fluid. 

The joint fluid used in this research was retrieved mainly from the hip joints of 

patients that underwent hip surgery. An orthopaedic surgeon did the retrieval 

of the joint fluid prior to the implant procedure. The fluid was then stored in a 

freezer at –2ºC until collection. Once collected, the fluid was slowly defrosted 

at room temperature. Normal synovial fluid is yellowish in colour - see A in 

Figure 3.2. The joint fluid was then visually screened to identify the samples 

contaminated with blood - see C and D in Figure 3.2. These samples were then 

excluded from the study. The retrieved fluid was then centrifuged for 

five minutes at low velocity (±1 000 g) to separate any wear particles from the 

retrieved fluid. 

A B C D 

  

Figure 3.2 - Synovial fluid normally has a yellowish colour. Blood contamination and/or the presence 

of haemoglobin in the solution cause the redness. 

Figure 3.2 - Synovial fluid normally has a yellowish colour. Blood contamination and/or the presence 

of haemoglobin in the solution cause the redness. 
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Volumes of between one and five millilitres were the norm for the retrieved 

samples. The first millilitre of fluid was used to do the lubricity testing, while 

the rest was used to measure the viscosity of the sample at different test 

temperatures. Unfortunately there wasn’t always enough joint fluid to 

complete all three the viscosity tests at different temperatures. In these cases at 

least one viscosity test would be done at the lowest test temperature              

(38ºC – body temperature) to form a base line between the samples.   

 

The retrieved fluids were not pooled but tested individually. If fluids are 

pooled the patients’ data must be omitted and in our case it was unsure 

whether or not the patients data could play a role or not. The result of the 

decision not to pool the fluids, was that the ability to repeat tests was lost. It 

was then required to work as accurately as possible to try and maximise the 

amount of tests done on the small amount of fluid retrieved.  

 

Three temperatures were chosen namely 38ºC (body temperature), 50ºC 

(temperature in the middle) and 60ºC (based upon temperatures measured in 

simulator testing by Lu and McKellop (1997, p.101). A lubricity test was done 

at every temperature for almost every sample included in this research. 

 

It was decided to design a test based on the ASTM D5607-97 standard for 

testing the film strength of lubricating fluids. Table 3.1 shows the test 

parameters used during the lubricity testing of the retrieved fluid.  
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Table 3.1 - The table contains a summary of the lubricity test used to determine the lubricity properties 

of the fluid. 

Fixed Specimen (Disk) Size: φ 24 x 7.85 mm 

Material: AISI E 52100 

Hardness: Rockwell C 60 ± 2 

Surface Finish: Rz = 0.1 – 0.15 µm 

Moving Specimen (Ball) Size: φ 10 mm 

Material: AISI E 52100 

Hardness: Rockwell C 60 ± 2 

Load A run-in load of 50N, where after the load is increased 

by 50N per minute. 

Temperature 38ºC, 50ºC and 60ºC 

Oscillation Frequency: 50 Hz 

Stroke: 1 mm 

Feeding Mechanism A drop of fluid was placed between the moving and fixed 

specimen prior to the test commissioning.  

 

3.3 Test Outcome 

 

Different test set-ups on this machine can give different test outcomes. In the 

test specification as given in Table 3.1, the most important factor is to 

determine the load at failure. According to the ASTM D5606-97 standard the 

load at failure is defined as the load where the coefficient of friction rises with 

more than 0.2 over the steady state coefficient of friction or where total 

seizures occur.  

   

The average coefficient of friction was worked out by taking the average of 

the coefficients from an applied load of 200N to just before the sudden 

increase in coefficient of friction as failure occurred. The coefficient of 

friction normally reached a steady state value at loads exceeding 200N.  

 

A typical test result of a lubricity test is shown in Figure 3.3.  
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Sample of a lubricity Test Result
Test done at 50Hz and 1mm stroke
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Figure 3.3 - An example of a typical lubricity test result. The loads at failure at each temperature are 

indicated in the graph.  

 

It can be seen from the graph in Figure 3.3 that the load at failure for the 38ºC, 

50ºC and the 60ºC lubricity test were 500N, 550N and 600N respectively. 

Also note that the average coefficients of friction for the three tests were 

almost the same.  

and 600N respectively. 

Also note that the average coefficients of friction for the three tests were 

almost the same.  

    

In Figure 3.4 a typical wear scar on a ball and disk are presented. What is 

interesting about this figure is the visible imprint of the ball (A) on the disk as 

it was cold welded to the surface and then, when dissembled, tore away. The 

vertical scratch (B) on the disk was caused during disassembling and had no 

influence on the lubricity of the fluid. The size of the wear scar is a function of 

the load at which the lubricant failed. A larger diameter wear scar on the ball 

is obtained at larger loads, while a longer and thicker wear scare will be seen 

on the disk.  

In Figure 3.4 a typical wear scar on a ball and disk are presented. What is 

interesting about this figure is the visible imprint of the ball (A) on the disk as 

it was cold welded to the surface and then, when dissembled, tore away. The 

vertical scratch (B) on the disk was caused during disassembling and had no 

influence on the lubricity of the fluid. The size of the wear scar is a function of 

the load at which the lubricant failed. A larger diameter wear scar on the ball 

is obtained at larger loads, while a longer and thicker wear scare will be seen 

on the disk.  
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A typical wear scar size on the ball for a load at failure of 550N is 0.697 mm 

in the direction of sliding motion and 0.713 mm across the direction of the 

sliding motion. A typical wear scar size on the disk for the same load at failure 

was found to be in the region of 1.733 mm in the direction of the sliding 

motion and 0.72 mm across the direction of the sliding motion.  

A typical wear scar size on the ball for a load at failure of 550N is 0.697 mm 

in the direction of sliding motion and 0.713 mm across the direction of the 

sliding motion. A typical wear scar size on the disk for the same load at failure 

was found to be in the region of 1.733 mm in the direction of the sliding 

motion and 0.72 mm across the direction of the sliding motion.  

  

  

  

  

  

  

  

  

  

Ball Ball Disk Disk 

Figure 3.4 - A typical wear scar present on the ball and disk is presented here.  Figure 3.4 - A typical wear scar present on the ball and disk is presented here.  

Direction of the sliding motion A 

B 

Direction of the sliding motion 

  

3.4 Lubricity properties of Primary Patients 3.4 Lubricity properties of Primary Patients 

  

A primary patient will receive a hip replacement once the natural hip has 

ceased to perform its normal function pain free. This failure can be caused by 

a joint disease like osteoarthritis, which is the most common, or can be due to 

mechanical failures, such as fractures (Malchau et al. 2002, p.4 and Graves et 

al. 2002, p.18). 

A primary patient will receive a hip replacement once the natural hip has 

ceased to perform its normal function pain free. This failure can be caused by 

a joint disease like osteoarthritis, which is the most common, or can be due to 

mechanical failures, such as fractures (Malchau et al. 2002, p.4 and Graves et 

al. 2002, p.18). 

  

Researchers have found (Cooke et al. 1978, p.66 and Sokoloff 1978, p. 448) 

that the nature of the joint fluid in a diseased joint changes and, due to this, the 

viscous property of the fluid also changes. What the alteration to the fluid’s 

chemical composition is can differ from patient to patient and is most likely a 

function of the reason for the hip replacement. 

Researchers have found (Cooke et al. 1978, p.66 and Sokoloff 1978, p. 448) 

that the nature of the joint fluid in a diseased joint changes and, due to this, the 

viscous property of the fluid also changes. What the alteration to the fluid’s 

chemical composition is can differ from patient to patient and is most likely a 

function of the reason for the hip replacement. 

  

The joint fluids retrieved from a total of 24 primary patients were tested. The 

results of these tests are shown in Table 3.2 and Figures 3.5 and 3.6. 

The joint fluids retrieved from a total of 24 primary patients were tested. The 

results of these tests are shown in Table 3.2 and Figures 3.5 and 3.6. 
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Table 3.2 - Statistical analysis of the primary patients' data Table 3.2 - Statistical analysis of the primary patients' data 

  Load at failure [N] Load at failure [N] Average coefficient of friction Average coefficient of friction 

 38 ºC 50 ºC 60 ºC 38 ºC 50 ºC 60 ºC 

Minimum 400 400 450 0.105 0.0973 0.0989 

Maximum 1100 1050 850 0.132 0.135 0.139 

Average 622.92 619.57 614.587 0.11827 0.11869 0.12306 
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Figure 3.5 - Histograms of the primary patients' data that were found during the lubricity testing 
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Combined data for the primary patients 
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Figure 3.6 - Combining the coefficient of friction data with the load at failure values for the primary 

patients. 

 

3.4.1 Discussion 

 

The average coefficients of friction as tested do not differ a great deal between 

the three temperatures used for the lubricity testing. A small decrease can be 

seen in the average load at failure, but if one takes into account that the tests 

were done in 50 N increments, one realises that the difference can be 

neglected and can be described to experimental error. 

 

One of the most impressive test results was retrieved from a 94-year-old male 

patient who was diagnosed with a fractured dislocation. The load at failures 

recorded for the fluid retrieved were 900, 1050 and 850 N for the 38ºC, 50ºC 

and the 60ºC tests respectively (see Figure 3.7). 

 

The worst lubrication fluid retrieved belongs to a 55-year-old female patient. 

The results of the lubricating tests for this sample were 400, 400 and 450N for 

the 38ºC, 50ºC and the 60ºC lubricity tests (see Figure 3.8). 
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Sample 6
Test done at 50Hz and 1mm stroke
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Figure 3.7 – One of the best samples recorded showed loads at failures as high as 1050N at 50ºC. 

Sample 20
Test done at 50Hz and 1mm stroke
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Figure 3.8 – One of the worst samples recorded showed loads at failures as low as 400N at both 38ºC 

and 50ºC. 
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In both cases mentioned above the fluid was retrieved from primary patients, 

yet a difference can be seen in their load-carrying capability. Possible reasons 

for this phenomenon is that the chemical contents of the fluid differ from 

patient to patient and that there might even be a relationship between the 

lubricating abilities and the clinical reason for the hip joint replacement. This 

can even be highlighted by the difference in the lubricating abilities of the 

fluid retrieved from the left and right sides of a 54 years old female patient 

that had undergone a bilateral hip replacement. Table 3.3 gives the summary 

of the results obtained from lubricity testing. The full results of these tests can 

be seen in Appendix A. The joint fluid retrieved from the right side of this 

bilateral patient showed better load-carrying capabilities than the left side. 

 

Table 3.3 – The load at failure values of the left and right sides of a patient that underwent a primary 

bilateral hip replacement 

 Load at failure [N] 

Temperature Left side Right side 

38ºC 650 1200 

50ºC 550 800 

60ºC 750 850 

 

3.5 Lubricity properties of Revision Patients 

 

When a hip implantation failed to fulfil it’s normal function without pain, this 

implant must be replaced and this is called a revision procedure. If a patient 

had a hip prosthesis and went for another operation on the same joint, he or 

she is defined as a revision patient. Revision operations take place for various 

reasons. The most common reason, according to the Australian (Graves et al. 

2002, p.18) and Swedish (Malchau et al. 2002, p.4) Hip Registers for revision 

surgery, is aseptic loosening of the cup or stem due to osteolysis. 
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The joint fluids retrieved from a total of 17 revision patients were tested. The 

summary of these test results can be seen in Table 3.4 and the graphic 

presentation in Figures 3.9 and 3.10. 

The joint fluids retrieved from a total of 17 revision patients were tested. The 

summary of these test results can be seen in Table 3.4 and the graphic 

presentation in Figures 3.9 and 3.10. 

  

Table 3.4 - Statistical analysis of the revision patients' data Table 3.4 - Statistical analysis of the revision patients' data 

  Load at failure [N] Load at failure [N] Average coefficient of friction Average coefficient of friction 

 38 ºC 50 ºC 60 ºC 38 ºC 50 ºC 60 ºC 

Minimum 500 350 400 0.085 0.11045 0.1042 

Maximum 1100 1050 800 0.1307 0.1357 0.1346 

Average 679.41 639.71 555.88 0.1161 0.1199 0.1219 
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Figure 3.9 - Histograms of the revision patients' data that were found during the lubricity testing 
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Combined data for the revision patients 
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Figure 3.10 - Combining the coefficient of friction data with the load at failure values for the revision 

patients 

3.5.1 Discussion 

 

The results obtained for the revision patients were similar to those obtained for 

primary patients. One of the differences was that the decrease in the load-

carrying capability could no longer be neglected. A decrease of 40 N was 

found with an increase in temperature from 38ºC to 50ºC. This is a decrease 

of 5.8%. A further decrease of 84 N was found as the temperature increased 

from 50ºC to 60ºC, translating to a decrease of 18.2% to the original lubricity 

at 38ºC. 
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3.6. Combining the lubricity properties 3.6. Combining the lubricity properties 

  

The results of the primary and revision patients were combined to increase the 

number of samples. The data was analysed by the Department of Statistics at 

the University of Pretoria and 95% confidence levels determined. The 

combined results for all temperatures are also shown in Figures 3.11 to 3.12. 

The data was also analysed by the Department of Statistics at the University of 

Pretoria and 95% confidence levels were determined - see Table 3.5). 

The results of the primary and revision patients were combined to increase the 

number of samples. The data was analysed by the Department of Statistics at 

the University of Pretoria and 95% confidence levels determined. The 

combined results for all temperatures are also shown in Figures 3.11 to 3.12. 

The data was also analysed by the Department of Statistics at the University of 

Pretoria and 95% confidence levels were determined - see Table 3.5). 
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Figure 3.11 - Histograms of the combined data of the primary and revision patients Figure 3.11 - Histograms of the combined data of the primary and revision patients 
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Combined data for both the primary and revision patients 
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Figure 3.12 - The spread of the combined primary and revision patients’ data.  

 

Table 3.5 - The average values with a 95% confidence level  (calculated by the Department of Statistics 

at the University of Pretoria) 

 Load at failure [N] Average coefficient of friction 

 38 ºC 50 ºC 60 ºC 38 ºC 50 ºC 60 ºC 

Average 648.96 617.71 584.38 0.117 0.119 0.122

Min 95% Confidence Level 603.99 567.04 549.17 0.115 0.117 0.120

Max 95% Confidence Level 693.93 668.38 619.58 0.119 0.121 0.125

 

3.6.1 Discussion 

 

Combining the primary and the revision patients’ data increased the pool of 

samples. This allowed the load at failure bandwidth to become smaller for the 

same confidence levels - see Table 3.5.  
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A decrease in the load-carrying capabilities was found with an increase in 

temperature (see Table 3.5). A decrease of 25 N was found as temperatures 

increased from 38ºC to 50ºC. This is a decrease of 3.7%. A further decrease of 

49 N was found as the temperature increased from 50ºC to 60ºC, translating to 

a decrease of 10.7% to the original load-carrying capability at 38ºC. 

 

Figure 3.13 shows the histogram of the load at failures for all the different test 

temperatures. From this figure it can be seen that all samples, with the 

exception of one, had a load-carrying capability of more than or equal to 

400 N. The significance of this is that a synthetic lubricant that is to be 

developed, needs to have a load-carrying capability of less than 400 N at all 

test temperatures to be able to simulate the worst-case scenario, with regards 

to lubrication.   
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Figure 3.13 – A histogram of the load at failure for both the primary and revision patients groups. 
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 Hutchings (1999, p.56) defines viscosity as follows:  Hutchings (1999, p.56) defines viscosity as follows: 

  

“Viscosity provides a measure of the resistance of a fluid to shearing 

flow, and may be defined as the shear stress on a plane within the 

fluid, per unit velocity gradient normal to that plane.” 

“Viscosity provides a measure of the resistance of a fluid to shearing 

flow, and may be defined as the shear stress on a plane within the 

fluid, per unit velocity gradient normal to that plane.” 

  

The implementation of the definition is shown in the Figure 4.1 and 

Equations 4.1 and 4.2. 

The implementation of the definition is shown in the Figure 4.1 and 

Equations 4.1 and 4.2. 

A 

τ 

τ 

h 

V0
y 
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Figure 4.1 – A schematic drawing of typical viscosity measurement equipment. Figure 4.1 – A schematic drawing of typical viscosity measurement equipment. 

  

The velocity gradient (dυ/dy) in the fluid between the two plates is assumed to 

be constant and uniform. See Equation 4.1.  

The velocity gradient (dυ/dy) in the fluid between the two plates is assumed to 

be constant and uniform. See Equation 4.1.  

    

  h
V

dy
d 0=ν        Equation 4.1 

 

Equation 4.2 gives the shear stress (τ) as a function of the velocity gradient 

and the viscosity (η). 

 

 h
V0ητ =        Equation 4.2 

  

The viscosity defined in the above method is deemed dynamic viscosity and 

has dimensions of [Pa s], commonly referred to as centipoise [cP]. The 

relationship between [Pa s] and centipoise is as follows: 1 cP = 10-3 Pa s 
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case).  

Figure 4.2 – A conical sh er (2002) to determine the 

 

A conical shaped spindle was selected to ensure a uniform shear rate over the 

he shear rates for all spindle speeds are tabulated in Table 4.1. 
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case).  

Figure 4.2 – A conical shaped spindle was designed and built by Böhmer (2002) to determine the 

 

A conical shaped spindle was selected to ensure a uniform shear rate over the 

he shear rates for all spindle speeds are tabulated in Table 4.1. 

This chapter deals with the development of a technique to measure the 

viscosity of small amounts of samples (1 ml). The samples tested with this 

technique were retrieved, stored and centrifuged in the same way as described 

for the lubricity testing samples - see Section 3.2. 

This chapter deals with the development of a technique to measure the 

viscosity of small amounts of samples (1 ml). The samples tested with this 

technique were retrieved, stored and centrifuged in the same way as described 

for the lubricity testing samples - see Section 3.2. 

    

4.1 Apparatus used 4.1 Apparatus used 

  

The viscosity testing was done using a Brookfield Viscometer. The Brookfield 

Viscometer is a rotating type viscous meter measuring the dynamic 

viscosity [cP] of fluids. A custom spindle (see Figure 4.2) was designed and 

built by Böhmer (2002) to allow testing of small amounts of fluid (1 ml in this 

The viscosity testing was done using a Brookfield Viscometer. The Brookfield 

Viscometer is a rotating type viscous meter measuring the dynamic 

viscosity [cP] of fluids. A custom spindle (see Figure 4.2) was designed and 

built by Böhmer (2002) to allow testing of small amounts of fluid (1 ml in this 

5º 
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aped spindle was designed and built by Böhm

viscous behaviour of small samples. viscous behaviour of small samples. 

whole surface. Five spindle speed increments, namely: 3, 6, 12, 30 and 60 

rpm, were selected in such a way as to cover the complete range offered by the 

specific spindle-viscometer combination. Different spindle speeds can be 

related to different shear rates (S’) by using the formula proposed by 

Brookfield Engineering Labs (no date, p.19), see Equation 4.3. 

 

whole surface. Five spindle speed increments, namely: 3, 6, 12, 30 and 60 

rpm, were selected in such a way as to cover the complete range offered by the 

specific spindle-viscometer combination. Different spindle speeds can be 

related to different shear rates (S’) by using the formula proposed by 

Brookfield Engineering Labs (no date, p.19), see Equation 4.3. 
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Table 4.1 – The correlation between the spindle speeds and the shear rate 

Spindle speed [rpm] 3 6 12 30 60 

Shear rate [sec-1] 3.57 7.15 14.30 35.74 71.49 

 

The new spindle was calibrated using CANNON viscosity standard oil RT100 

(lot number 03201). See Table 4.2 for the calibration factors. 

 

Table 4.2 – The calibration factors of the new spindle.  

Spindle speed [rpm] 3 6 12 30 60 

Calibration Factor 14 7 3.5 1.4 0.7 

Viscosity = Calibration Factor x Measured Value 

 

The spindle rotated in a bucket that was mounted on top of a small reservoir 

(see Figure 4.3). Water from a larger reservoir was circulated through the 

small reservoir. The water temperature in the big reservoir could be controlled 

via a heater/pump unit, ensuring that the same controlled temperature could be 

measured in the small reservoir.  Three temperatures were chosen namely 

38ºC, 50ºC and 60ºC. These were also the temperatures used in the testing of 

the lubricity properties. 
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Figure 4.3 – A schematic drawing of the cone shape spindle integrated with the small reservoir used in 

determining the viscous behaviour of synovial fluid.   

4.2 Test Method 

 

The required test temperature was set on the temperature controller of the big 

reservoir. The centrifugal pump was switched on to circulate water between 

the big and small reservoirs. It is important to remove all the air from the small 

reservoir to ensure the bucket’s uniform temperature. 

 

The test sample was added into the test bucket as soon as the temperature in 

the big reservoir stabilised at the required temperature. The volume of test 

sample injected into the bucket was one milliliter. The spindle was lowered 

into position. Five minutes were allowed so that the test sample’s temperature 

could stabilize at the required test temperature. 

 

From a practical point of view it was found that the best results were obtained 

when the viscous measurement was started at the highest spindle speed and 

worked downwards to the lowest spindle speed. An average of three 

measurements was taken at every spindle speed. This process was repeated 

three times for every test temperature setting. Between temperature changes 

the joint fluid was replaced to minimize any shear effects on the fluid. Three 

temperatures were used to characterise the joint fluid, namely 38ºC, 50ºC 

and 60ºC.  
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4.3 Test Outcome 

  

A joint fluid sample was characterized at a temperature by an average of three 

measurements at every spindle speed. To characterise the fluid retrieved from 

a patient one would need to characterise the fluid at the three temperatures and 

for every temperature one would need a millimeter of fluid. It can now be seen 

that to be able to characterise the fluid retrieved, one would need more than 

four millimeters of fluid if one takes the fluid lost in the centrifuge into 

account.  

 

Sometimes it happened that only enough fluid for two tests was left after the 

centrifugal process and the lubricity testing. The first viscosity test was then 

done at 38°C to ensure that a comparison could be made between the different 

fluids. The second viscosity test was done, as required to build a database, at 

either 50°C or 60°C.  

 

No duplication tests could be performed, as the amount of fluid retrieved per 

patient was very limited. The repeatability of the Brookfield Viscometer with 

the newly designed spindle was however tested, by using a different known 

fluid and it was found to be within the experimental error margin set for the 

Brookfield Viscometer. 

  

Power curves, defined as: , were fitted to the different viscosity 

curves obtained at the different test temperatures. The result of this curve 

fitting was that the non-Newtonian behaviour of the retrieved joint fluid could 

be quantified by a power and a coefficient.  

βαxy =

 

A test sample was excluded from the research if a correlation factor of smaller 

than 0.95 was found. This criterion was set to eliminate experimental errors 

from the database. A typical test sample, with the fitted power curves, is 

shown in Figure 4.4. 
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Viscosity graph for Sample 146
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Figure 4.4 – A typical viscosity test outcome. 

 

4.4 Test Results 

 

From the literature survey it was seen that previous researchers showed that 

the viscous properties of fluids retrieved from normal patients and those with 

joint related diseases can differ (Cooke et Al. 1978, p.66 and Mazzucco et al. 

2002, p.1157). The fluids tested in this study were retrieved from both primary 

patients with joint related diseases and revision patients. Both these two 

groups of patients fall into the joint related diseases group as set out in the 

literature study. In Figures 4.5 to 4.7 the tests performed at every test 

temperature are plotted for both the primary and revision patient groups. Note 

that the results for the primary and revision patients’ groups are distributed 

over the same range of viscous values. This is an indication that the viscous 

properties of the fluids retrieved from the patients are indeed very similar. It 

was thus decided to group the results obtained from the primary and revision 

patients groups in order to find a better average and smaller intervals of the 

95% confidence levels.  
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 Figure 4.5 – The distribution of the viscosity test results at 38ºC.  Figure 4.5 – The distribution of the viscosity test results at 38ºC. 

Viscosity Spread at 50ºC

1

10

100

1000

1 10

Shear Rate [sec-1]

Vi
sc

os
ity

 [c
P]

Primary Revision

Figure 4.6 – The distribution of the viscosity test results at 50ºC. Figure 4.6 – The distribution of the viscosity test results at 50ºC. 

  

  

  

  

  

  
  

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd    --  OOppppeerrmmaann,,  TT    ((22000055))  



Chapter IV – Viscosity testing  IV – Viscosity testing   

    39

  

    39

βαxy =

  

Viscosity Spread at 60ºC
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Figure 4.7 – The distribution of the viscosity test results at 60ºC. Figure 4.7 – The distribution of the viscosity test results at 60ºC. 

  

An increase in viscosity was seen as the test temperature increased. In some 

test samples this increase was so big at 60ºC, that the viscosity measurements 

fell outside the range of the spindle used on the Brookfield Viscometer. In 

cases like this, the 60ºC test was not used in finding the average viscosity. 

An increase in viscosity was seen as the test temperature increased. In some 

test samples this increase was so big at 60ºC, that the viscosity measurements 

fell outside the range of the spindle used on the Brookfield Viscometer. In 

cases like this, the 60ºC test was not used in finding the average viscosity. 

  

Table 4.3 shows the statistic analysis, conducted by the Department of 

Statistics at the University of Pretoria, with the average and 95% confidence 

intervals for the coefficient (α) and power variables (β) as was used in the 

following equation: . The same data is also presented graphically in 

Figures 4.8 to 4.10. 

Table 4.3 shows the statistic analysis, conducted by the Department of 

Statistics at the University of Pretoria, with the average and 95% confidence 

intervals for the coefficient (α) and power variables (β) as was used in the 

following equation: . The same data is also presented graphically in 

Figures 4.8 to 4.10. 

βαxy =
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Table 4.3– A statistic analysis of the test data as calculated by the Department of Statistics of the 

University of Pretoria 

 

Test temperature 38ºC 

Number of samples 23 

 Coefficient (α) 

[cP] 

Power (β) 

[ ] 

Mean 175.465 -0.435 

Lower 95% Confidence level 77.651 -0.480 

Upper 95% Confidence level 273.280 -0.391 

  

Test temperature 50ºC 

Number of samples 17 

 Coefficient (α) 

[cP] 

Power (β) 

[ ] 

Mean 255.066 -0.472 

Lower 95% Confidence level 123.909 -0.524 

Upper 95% Confidence level 386.23 -0.421 

  

Test temperature 60ºC 

Number of samples 15 

 Coefficient (α) 

[cP] 

Power (β) 

[ ] 

Mean 351.179 -0.511 

Lower 95% Confidence level 101.905 -0.576 

Upper 95% Confidence level 600.453 -0.447 
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Figure 4.8 – The average viscosity with a 95% confidence interval at 38ºC 
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Figure 4.9 – The average viscosity with a 95% confidence interval at 50ºC 
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Average viscosity with a 95% confidence level at 
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Figure 4.10 – The average viscosity with a 95% confidence interval at 60ºC 

 

An interesting result from the viscosity testing was to compare the viscosity 

increase of the 50ºC and the 60ºC tests to that of the 38ºC test - 

see Figure 4.11.  
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Figure 4.11 – An increase in the viscosity relative, to that found for 38ºC, can be seen for an increase in 

test temperature. 

 

The average viscosity values at every test temperature are shown in 

Figure 4.12.  
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Figure 4.12 – The average viscosity can be seen to be a function of test temperature. 

 

4.5. Discussion 

 

The joint fluids retrieved from the patients showed pseudoplastic (shear 

thinning) flow behaviour. This is in line with other scientific studies (see 

Figures 2.9 and 2.10). Most lubricants used in the engineering industry would 

show a decrease in viscosity with an increase in temperature, but this was not 

the case for the retrieved joint fluid (ENGEN Product Handbook 2001 and 

SKF General Catalogue 1994) The joint fluid tested showed an increase in the 

viscosity for an increase in test temperature (see Figures 4.12). It was also 

found that the increase was a function of the shear rate. At low shear rates the 

increase was bigger than at high shear rates (see Figure 4.11). 

 

The extent of the increase in viscosity for an increase in the test temperature 

was found to differ between patients and even between joints of the same 

patient as shown in Figure 4.13. This phenomenon led to an increase in the 

bandwidth of the 95% confidence interval as the test temperature was 

increased.  
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Viscosity test results of Sample 145
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Figure 4.13 – The results of the viscosity testing of both sides of a patient under going a bilateral hip 

replacement surgery. 

 

The differences between the left and right hip joints of a patient undergoing a 

bilateral hip replacement surgery are shown in Figure 4.13. Joint fluid 

retrieved from the left side hip joint showed almost a characteristic Newtonian 

flow property at 38ºC, while the fluid retrieved from the right was thicker and 

showed more shear thinning properties. At 50ºC the roles were reversed and 

the fluid retrieved from the left side hip joint showed thicker properties than 

that retrieved from the right side. The amount of viscosity increase for the 

same test temperature increase was greater for the fluid retrieved from the left 

side hip joint. It was also interesting to note that the slopes of all the tests 

shown in Figure 4.13, except for the 38ºC tests, are inherently the same.     

 

From the discussion above it is clear that the joint fluid retrieved from 

different patients are unique to its host and that even inside the body the fluid 

can, and most likely does, differ from joint to joint. The reason as to why the 

fluids differ falls outside the scope of this research but is most likely caused by 

the difference in the chemical composition of the fluid.  
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The general tendency was an increased viscous behaviour for an increase in 

test temperature. It is also known that at some high temperatures the proteins 

in the fluid would denaturate causing the fluid to become gel-like.  

 

It is generally accepted (Unsworth 1995, p.487) that the fluid in the hip joint 

does get into contact with the highly loaded areas of the joint. These highly 

loaded areas are also the areas where the maximum temperatures are expected. 

The amount of fluid present at the contact surfaces is small relatively to the 

amount of fluid present in the joint. These small amounts of fluid are exposed 

to the high contact temperatures inside the joint and viscous behaviour of the 

joint fluid will change and thicken up. It is then more difficult to get the thick 

fluid out of the joint and new cool fresh fluid into the joint. When no new fluid 

enters the joint, the joint will then heat up even more due to the heat build up 

and at some stage the temperature inside the joint can reach the denaturation 

temperature. This would then cause the one-way transition from the fluid 

phase to a gel-like phase.  

 

The joint is now building a “seal” preventing the flow of new cool lubricant 

into the joint. It is important to note that the amount of wear debris generated 

inside the joint will increase as the temperature increases. Figure 4.14 shows a 

typical “seal” found in simulator testing. 

 

 

Figure 4.14 – The denatured proteins group together to form a “seal”. This then prevents fresh 

lubricant from reaching the contact area. 
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From the previous discussion it is apparent that the correct viscous behaviour 

is needed for the test medium in the hip simulator. Using a fluid that does not 

simulate the increase in viscosity for an increase in temperature will cause the 

joint inside the simulator to run at a lower temperature resulting in less 

generated wear debris, thus not imitating the true nature of the hip joint and its 

lubricating fluid. 
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This chapter deals with the development of a synthetic lubricant that will have 

the same lubricative and viscous characteristics than that of the joint fluid 

previously tested. The viscosity and lubricity of this lubricant must also stay 

constant over a time similar to that of a simulator test period (5 000 000 

cycles). Cooke et al.(1978, p.66) introduced the concept of using water-based 

polymers in trying to map the viscosity behaviour of synovial fluid.. 

Unfortunately they only mapped the viscosity at one temperature. 

 

5.1 Design parameters 

 

Figure 5.1 depicts that the retrieved joint fluid that was tested, showed an 

increasing viscous behaviour with an increase in the test temperature. This 

study, therefore, attempted to design a lubricant that will show the same 

tendencies to that of the average viscous behaviour of the joint fluid. 
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Figure 5.1 – The average viscosity can be seen to be a function of the test temperate. 
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From Figure 5.2 it can be seen that only one sample had a load at failure less 

than 400 N. It was therefore decided to use 400 N as the required load at 

failure for the synthetic lubricant. 

 

Histogram for the combined data of both the primary and 
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Figure 5.2 – A histogram of the load at failures for both the primary and revision patients groups. 

 

5.2 Chemicals used 

 

Different bases were considered to be used in the development of a synthetic 

lubricant. They included bases like esters, mineral oils and water. For both the 

first two bases a viscosity decrease would most likely be found for a 

temperature increase. Thus they necessitated the prerequisite that the additive 

package should not only reduce the decrease in viscosity, but should also show 

an increase in viscosity with an increase in temperature. 

 

On the other hand, unlike the first two proposed bases, water is not a lubricant 

but it does have a more stable viscous behaviour with an increase in 

temperature. It was thus decided to use a water based polymer solution as a 

synthetic lubricant.  
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An extensive search of all the water-soluble polymers showed that no polymer 

had the ability to conform to all the requirements on its own and thus a 

combination of polymers was proposed. A combination of two polymers and 

one additive package to increase the lubricity properties was used to find the 

optimum solution. A brief summary of the essential chemical properties of the 

chemicals used will now be presented.  

 

5.2.1 Poloxamer 188 

 

The information of Poloxamer 188 supplied in this section is a summary of the 

technical specifications on Lutrol® F68 as supplied by BASF (2002). 

 

Poloxamer 188, or Lutrol® F68, the tradename used by BASF, is a commonly 

used chemical in the pharmaceutical industry. The uses of Polozamer 188 

stretch over a wide range of applications from being an emulsifier, solubilizer 

or even a dispersing and wetting agent. It is freely soluble in water and 

insoluble in diethyl ether, paraffin and fatty oils. 

 

Poloxamer 188 is a polyoxyethylene-polyoxypropylene copolymer with a 

general formula as shown in Figure 5.3. 

 

 

Figure 5.3 – The general formula of Poloxamer 188 

 

Poloxamer 188 is also known to be thermo reversible, meaning that its 

viscosity would increase with an increase in temperature, see Figure 5.4. This 

increase in viscosity is totally reversible and even after repeated heating and 

cooling, the viscosity would stay the same. 
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The viscosity of Poloxamer 188 as a function of 
temperature

0
20
40
60
80

100
120
140
160

0 20 40 60 80 100

Temperature [ºC]

Vi
sc

os
ity

[c
P]

 

25 % 

20 % 

Figure 5.4 – The viscosity of an aqueous solution of Lutrol® F68 (Poloxamer 188) as a function of the 

concentration used and the temperature of the solution. (BASF 2002, p.4). 

 

Normally Poloxamer 188 would have a minimum viscosity between 30°C and 

40°C and a maximum between 60°C and 70°C (Figure 5.4). These minimum 

and maximum points can be manipulated with the addition of other 

substances. For example, the addition of sodium chloride reduces the gel 

forming temperature, while the addition of ethanol would increase the gel 

forming temperature. The gel forming temperature is defined as the 

temperature where the solution would start to gel. This then increases the 

viscous behaviour of the lubricant. 

 

Poloxamer 188 is a Newtonian fluid, which changes to a non-Newtonian fluid 

above concentrations of 60%. The down-side of using this polymer is that it is 

not known for its lubricating capabilities. 
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5.2.2 Xanthan Gum 

 

Xanthan gum is one of the most widely used microbial polysaccharides used 

in our daily living. The ADI (acceptable daily intake) value for Xanthan gum 

is set as ″not specified″, meaning that any amount of gum can be congested 

daily without any side effects (Katzbauer 1998, p.81). Xanthan gum is 

extensively used in low-fat products to increase the viscosity of the product as 

less oil is being used in these products. It is also non-digestible in humans and 

thus helps to lower the calorific value of the food that it is used in. The non-

Newtonian behaviour of xanthan gum makes it ideal to be used in salad 

dressings, sauces and even toothpaste. 

 

Xanthan gum is also stable over a wide range of pH levels and is therefore 

also used in the cleaning industry. It is also used in the oil-drilling industry 

because of its lubricating capabilities. 

 

The chemical structure of Xanthan gum is unique giving the gum some 

interesting chemical and physical properties. The property of interest in this 

study is the stability at elevated temperatures. A salt-free solution of Xanthan 

gum in deionised water shows a slight decrease in viscosity at first, after 

which an increase is seen with an increase in temperature. The addition of salt 

to the solution helps to moderate the effects of temperature on the viscosity for 

temperatures below 90°C, see Figure 5.5. The viscosity is fully recoverable 

when the solution is cooled down (Davidson ca. 1995, p.24-2). 

 

Xanthan gum is compatible with a lot of other chemicals including acids, 

bases and preservatives. Xanthan gum was primarily chosen for this study 

because of its strong non-Newtonian behaviour, even at small concentrations. 

The stability during temperature changes and the tolerances to other chemicals 

were added bonuses. 

 

The product used in this study was KELTROL TF from Cp-Kelco. 
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The viscous behaviour of a 1% Xanthan Gum aqueous 
solution with 0.1% NaCl
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Figure 5.5 – The effect of temperature on the behaviour of Xanthan Gum as published 

by Davidson (ca. 1995, p.24-2). 

 

5.2.3 Lube-booster® II  

 

Lube-booster® II is an additive package marketed by FERRO Petroleum 

Additives. FERRO Petroleum Additives published the following in their 

technical specification about Lube-booster® (no date, p.1): 

 

″Lube-booster® II is a water-soluble, polymer based lubricity additive 

for formulating synthetic and semi-synthetic fluids for ferrous and non-

ferrous applications.″ 

 

Lube-booster® II is free from any nitrate, chlorine, sulphur, phosphorous 

heavy metals and petroleum oils.  

 

A solution made up of 13% Lube-booster® II and 63% deionised water on a 

volume-volume base showed that the additive had Newtonian flow behaviours 

and had a load at failure of 450 N. 
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5.3 Combining the chemicals 

 

The three chemicals discussed previously in this report were experimentally 

mixed in different ratios. A mixture with more Poloxamer 188 led to a solution 

with a greater viscosity increase for the same temperature increase. The non-

Newtonian behaviour was manipulated with the Xanthan gum, while the 

lubricity behaviour was the result of the concentration Lube-booster® II used. 

Methyl Paraben was used as a preservative. The final mixture is shown 

in Table 5.1.  

Table 5.1 – The chemical composition of the synthetic lubricant 

Chemical Amount Supplier and Lot number 

Lutrol® F68 45g BASF (S_2K3486V) 

Keltrol T 0.7g CP-Kelco (01029301) 

Lube-booster®II 100ml FERRO (M2086) 

Methyl Paraben 1.8g  

Deionised water 750g  

 

Some polymers can take a lot of time to completely dissolve into a chemical 

mixture to give a uniform mixture. In this case the synthetic lubricant is best 

when left to dissolve for a minimum of 48 hours. 

 

Figures 5.6 to 5.9 show the chemical stability of the lubricant over a period of 

eight weeks. This is longer than the expected simulator time required to 

complete 5 000 000 cycles. 
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Chemical Stability over a period of 8 weeks at 38ºC
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Figure 5.6 – The stability of the synthetic lubricant as a function of time at a temperature of 38ºC. 

 

Chemical Stability over a period of 8 weeks at 50ºC
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Figure 5.7 – The stability of the synthetic lubricant as a function of time at a temperature of 50ºC. 
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Chemical Stability over a period of 8 weeks at 60ºC
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Figure 5.8 – The stability of the synthetic lubricant as a function of time at a temperature of 60ºC. 

 

The load at failure of the synthetic lubricant was found to be in the region of 

350 N after mixing. Figure 5.9 shows the lubricity of the lubricant over a 

period of eight weeks. A decrease was noted towards the end of the eight-

week period. This decrease in the lubricative abilities of the lubricant is not 

ideal, but it was decided to keep on using the lubricant in the simulator testing, 

as a different compromise between viscosity and lubricity could not be found. 

 

The mixture shown in this report was the best compromise between mixing a 

fluid that would reproduce the viscous and lubricative behaviour of the 

retrieved joint fluids, see Chapters 3 and 4.    
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Chemical Stability over a period of 8 weeks
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Figure 5.9 – The lubrication abilities of the synthetic lubricant over a period of eight weeks.  

(Note: the data for the different temperatures were combined in this graph.) 
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6.1 Method 

 

The newly developed synthetic lubricant was used in a simulator test where 

small samples of the test medium were drawn from each station at regular 

intervals. These samples were filtered and examined under an optical 

microscope. The wear debris found on the filter paper were classified and 

measured. Comparisons were made between the wear debris found during the 

simulator testing and those found in the scar tissue retrieved during revision 

surgery. A lubricant that could cause similar size and shapes of wear debris in 

the simulator to those found in the scar tissue of patients, would be ideal. 

  

6.2 Apparatus used 

 

The five-post simulator (Figure 6.1) used in the verification of the synthetic 

lubricant was a simulator developed and built by Burger. A short description 

of the working of the simulator follows in the rest of this section. A schematic 

drawing of a station on the simulator can be seen in Figure 6.2.  

 

  

Figure 6.1 – The five-post simulator developed and built by Burger. 
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Stem Stem 

 

Figure 6.2 – A schematic drawing of a station on the five-post simulator. ion on the five-post simulator. 

  

The acetabular cups were cemented into the aluminium or preserved steel 

posts using bone cement (PMMA). The posts were then individually mounted 

into their own containers. Water, from a reservoir with a set temperature 

of 37.5°C, was then circulated through the sides of these containers to 

maintain a test medium temperature of 37.5°C, simulating the in-vivo 

temperature. 

The acetabular cups were cemented into the aluminium or preserved steel 

posts using bone cement (PMMA). The posts were then individually mounted 

into their own containers. Water, from a reservoir with a set temperature 

of 37.5°C, was then circulated through the sides of these containers to 

maintain a test medium temperature of 37.5°C, simulating the in-vivo 

temperature. 

  

Strain gauges (see Figure 6.3) were mounted onto the stem to monitor the load 

between the cup and head. A load profile similar to that which was determined 

by Bergman (1993, p.969) for a person walking at 6km/h, was used in the 

simulator testing. This load profile (Figure 6.4) required a maximum load of 

400 kg at top dead centre, a minimum load of 200 kg on the one side and 

250 kg on the other side. Provision for 5° adduction and abduction rotation 

was made at the minimum loads. 

Strain gauges (see Figure 6.3) were mounted onto the stem to monitor the load 

between the cup and head. A load profile similar to that which was determined 

by Bergman (1993, p.969) for a person walking at 6km/h, was used in the 

simulator testing. This load profile (Figure 6.4) required a maximum load of 

400 kg at top dead centre, a minimum load of 200 kg on the one side and 

250 kg on the other side. Provision for 5° adduction and abduction rotation 

was made at the minimum loads. 

  

  

Strain gauges Strain gauges 
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Water jacket 
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Water inlet 
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Figure 6.3 – Strain gauges were used to monitor the load applied to each station. 
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Figure 6.4 – A typical recorded load profile on the simulator 

 

A computer program was then written to monitor and control the simulator. 

The program stopped the simulator when a station’s maximum load differed 

by 12.5% from the expected maximum value of 400 kg. 

 

This high load difference was needed to allow the simulator to start up every 

time it was stopped. During these stoppages the loading system in the 

simulator would “cool down” resulting in a loss of applied load. When the 

simulator was then restarted, an increase in the applied load was seen till the 

loading system stabilizes at the working temperature.  
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The water used to heat the individual stations did not preheat the loading 

system. The reason for this phenomenon is not known but is believed to be 

related to the spring set-up used for the load application - see Figure 6.6. 
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Figure 6.5 – A typical recorded load profile on the simulator during a typical run-in phase after a 

stoppage. 

 

 

Figure 6.6 – Every station was mounted on a spring configuration to supply the required load 

profile. 
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6.3 Test method 

6.3.1 Simulator testing 

 

Four of the five stations were used in the testing of the synthetic lubricant 

(Station 3 was not allocated). All the stations were fitted with 28 mm alumina 

femoral heads. The cups used in the simulator were manufactured from ultra 

high molecular weight polyethylene (Trade name: Chirulen® Lot number: 

B15331081), which were not sterilised.  

 

The cups were not sterilised due to the fact that free radicals would be 

introduced into the system (McKellop et al. 2000, p.1708 and Oonishi et al. 

1997, p.11). The effects that free radicals have on the wear rate in simulator 

testing falls outside the scope of this study. 

  

Two of the stations used bovine serum as test medium, while the other two 

stations used the new synthetic lubricant as their test medium. 

 

Simulator testing was stopped every 500 000 cycles until it reached 4 500 000 

cycles. Typical standing time of less than an hour was the norm. During these 

stoppages 5 ml of fluid was retrieved from the top layer of fluid present in 

each station. These fluids were then filtered through a 0.45 µm filter after 

which each filter paper was tagged and left to dry. 

 

During these intervals the bovine serum stations were drained, washed with 

deionised water and refilled with new bovine serum (see Paragraph 6.3.2), but 

not stripped and weighed as specified in the ISO standard (ISO 14242-

1:2002). This ensured that the wear pattern stayed the same during the whole 

test. Lubricant from the same batch as at the beginning was used to top-up the 

two synthetic lubricant stations. 

 

The lubricant level was checked and topped up twice a day with deionised 

water. 
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6.3.2 Bovine Serum 

 

The bovine serum used in two of the simulator stations was prepared as 

follows: Blood from young cattle was collected from a local abattoir and left 

to stall. The serum was separated from the blood by filtering the stalled blood 

mixture through some cheesecloth. 

 

The serum was placed in a centrifuge for half an hour at 15 000g to remove 

any red blood cells still in the solution. An optical microscope was used to 

ensure that no red blood cells were still present in the serum solution. None 

was found. 

 

A diluted bovine serum mixture was made by diluting the serum with 75% 

deionised water (v/v). Sodium azide was added to prevent the growth of 

bacteria in the diluted serum mixture. This diluted serum mixture was then 

filtered through a 2.5 µm filter and frozen until required for testing. The 

protein mass concentration of the diluted bovine serum mixture was found to 

be 17 g/l.  

 

6.3.3 Isolating the wear debris from the patients’ scar tissue 

 

During revision operations some scar tissue surrounding the prosthesis was 

retrieved. The scar tissue was dissolved in a caustic soda mixture and filtered 

through a 0.45 µm filter after which the filter paper was tagged and left to dry. 
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6.3.4 Examining the filter paper 6.3.4 Examining the filter paper 

  

The filter papers were coloured with a liquid penetrant, Ardrox® 996P, which 

improved visibility of the transparent wear debris on the filter paper by 

colouring the paper red. A microscope with a 60x optical magnification was 

used to scan the filter paper for any wear debris. Once found, the wear debris 

was photographed at 60x and 200x magnification. These photographs were 

used to classify and measure the size of the wear debris. See Figure 6.7 and 

Figure 6.8 for an example of the same wear debris at 60x and 200x 

magnification. 

The filter papers were coloured with a liquid penetrant, Ardrox® 996P, which 

improved visibility of the transparent wear debris on the filter paper by 

colouring the paper red. A microscope with a 60x optical magnification was 

used to scan the filter paper for any wear debris. Once found, the wear debris 

was photographed at 60x and 200x magnification. These photographs were 

used to classify and measure the size of the wear debris. See Figure 6.7 and 

Figure 6.8 for an example of the same wear debris at 60x and 200x 

magnification. 

  

  

 

Figure 6.7 – Typical wear debris at 60x 

magnification. 

Figure 6.8 – The same wear debris as shown in 

Figure 6.7, at 200x magnification. 

1 mm 0.5 mm 

 

6.4 Test Observations 

 

6.4.1 Femoral-head breakage in simulator 

 

The computer that continuously monitored the simulator stopped the simulator 

after 450 cycles due to a load failure on station 1. An investigation into the 

reason as to why the load was lost revealed a broken femoral head 

(see Figures 6.9 and 6.10). 
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The reason for the broken femoral head was found to be a burr located on the 

taper side of the stem, see Figure 6.12. This burr interfered with the tight 

fitment between the femoral head and the stem, causing a stress concentration 

inside the head, which led to the breakage of the head. The burr was removed 

using a file. 

 

The whole station was stripped, washed and refitted with another femoral head 

and acetabular cup, as the stem also damaged the acetabular cup when the 

head broke (Figure 6.11).  

 

  

Figure 6.9 – The broken femoral head as found in 

the simulator. 

Figure 6.10 – The femoral head had broken into 

several pieces. 

  

Figure 6.11 – The damage to the acetabular cup 

caused by the stem as the femoral head broke. 

Figure 6.12 – A burr located on the femoral side 

of the stem was found to be the cause of the 

broken femoral head. 
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6.4.2 Using Saline as a test medium 

 

The use of saline as a test medium in simulator testing was investigated in the 

hope to find an acceptable cheap test medium. Unfortunately the use of saline 

was found to be lacking due to salty deposits that formed in the test station, as 

can be seen in Figures 6.13. These salty deposits could then induce extra wear 

due to the addition of extra third body particles. 

 

The acetabular cup that was being used was found to be very brittle and full of 

cracks (see Figure 6.14). This brittleness was not caused by the saline test 

medium but rather induced by the age of the acetabular cup. The cup was 

10 years old and was previously sterilized. 

 

  

Figure 6.13 – The acetabular cup retrieved from 

the saline station after 500 000 cycles. Note the 

flakes that formed on the metal surface 

surrounding the cup. 

Figure 6.14 – The whole cup was filled with 

cracks and flakes that pealed from the cup. 

 

The conclusion to this test had to be that saline was not a suitable test medium 

due to the salty deposits that formed inside the station that could enhance the 

wear rate of the acetabular cup. This test was stopped at the start of the crystal 

formation.  
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6.4.3 Bovine serum station after 500 000 cycles 

 

The first bovine serum test was stopped after 500 000 cycles. During the 

draining of the station it became apparent that something was wrong. A 

fibrous deposit was found around the femoral head in the station 

(Figures 6.15 and 6.16). The station was then stripped to investigate the 

situation.  

 

The acetabular cup was found to be very brittle and filled with cracks on and 

off the load carrying part (Figure 6.17 and 6.18). A black deposit was also 

found on the load carrying part of the femoral head (Figure 6.19). The femoral 

head was then sent to the Department of Microscopy and Micro-analysis at the 

University of Pretoria for further analysis. Figure 6.20 shows an enlargement 

of the black deposit found on the surface, while Figure 6.21 shows the result 

of a point analysis at the same point. 

 

 

  

Figure 6.15 – The drained bovine serum station 

after 500 000 cycles. 

Figure 6.16 – A fibrous deposit was found inside 

the bovine serum station after 500 000 cycles. 
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Figure 6.17 – The acetabular cup of the bovine 

serum station was severely cracked and brittle. 

Figure 6.18 – The visibility of the cracks was 

enhanced with the use of die penetrate. 

 

  

Figure 6.19 – A black deposit was found on the 

femoral head after 500 000 cycles. 

Figure 6.20 – An enlargement of the black area 

shown in Figure 6.16. 

 

Figure 6.21 – The result of a point analysis of the black deposit as conducted by the Department of 

Microscopy and Micro-analysis at the University of Pretoria. 
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The first hypothesis about the black deposit was that it is denatured proteins. 

This hypothesis was however, proven wrong. The structure of the deposit, 

see Figure 6.20, did not correlate to known protein structures. The point 

analysis of the black deposit showed a high value of aluminium on the femoral 

head (Figure 6.21). Aluminium was only used in the post of the station 

(Figure 6.2) and nowhere else in the station assembly. 

 

The conclusion of this investigation was that the acetabular cup was brittle due 

to its age (10 years) and that the black deposit found on the femoral head was 

the result of some chemical reaction between the aluminium post and the 

bovine serum being used as a test medium. In order to avoid chemical 

interactions between the different materials used in simulator test stations it is 

important that the newly developed synthetic lubricant would not cause 

reactions between the different materials used in the simulator test stations. 

 

6.4.4 Findings during the 500 000 cycle intervals 

 

During most of the draining intervals, denatured proteins were found to form a 

″seal″ between the femoral head and the acetabular cup (Figures 6.22 to 6.27). 

Proteins are known to denature because of extreme loading or temperatures 

above 62ºC, and in this case, the loading wasn’t that high. High temperatures 

must therefore be the cause of the denaturation of the proteins. Lu and 

McKellop (1997, p.101) calculated a surface temperature of 99°C between a 

zirconia ball and a UHMWPE cup. 
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Figure 6.22 – The “seal” in station 4 after 

4 000 000 cycles. 

Figure 6.23 – A close-up of the removed “seal” 

shown in Figure 6.20. 

  

Figure 6.24 – The “seal” in station 4 after 

5 000 000 cycles. 

Figure 6.25 – A close-up of the removed “seal” 

shown in Figure 6.22. 

  

Figure 6.26 – The “seal” in station 5 after 

4 000 000 cycles. 

Figure 6.27 – The “seal” in station 5 after 

4 500 000 cycles. 
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6.4.5 Stripping the bovine serum stations after 4 500 000 cycles 

 

The same black deposit, see Paragraph 6.4.3, was found in the two bovine 

serum stations that completed the 4 500 000 cycle test (see Figures 6.28 and 

6.29). In these cases the one post was aluminium and the other one preserved 

steel. It was thus apparent that the bovine serum showed reactions with both 

the preserved steel and aluminium posts. 

 

The bovine serum acetabular cups both showed a yellowish discolouration 

(see Figures 6.30 and 6.31). 

 

  

Figure 6.28 – A black deposit was found on the 

femoral head of the bovine serum station after 

4 500 000 cycles. The station used an aluminium 

post. 

Figure 6.29 – The black deposit found on the 

femoral head of the station using a preserved steel 

post and bovine serum as test medium. The 

station completed 4 500 000 cycles. 

  

Figure 6.30 – The acetabular cup of station 4 

showed a light yellowish colour after 4 500 000 

cycles. 

Figure 6.31 – The acetabular cup of station 5 

showed a darker yellowish colour than seen in 

Figure 6.30 after the same amount of cycles. 
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6.4.6 Stripping the synthetic lubricant stations 

 

No deposit was found in either of the two simulator stations using the 

synthetic lubricant as test medium (see Figures 6.32 and 6.33). The preserved 

wear pattern was also clearly visible in both stations after the tests 

(see Figures 6.34 and 6.35). There was no discolouring of the cups present as 

in the case of the stations using the bovine serum as test medium. 

 

  

Figure 6.32 – No deposit was present on the balls 

retrieved from the stations using the synthetic 

lubricant as test medium. 

Figure 6.33 – No deposit was found in either of 

the two stations using the synthetic lubricant. 

  

Figure 6.34 – The wear pattern as found in the 

first station using the synthetic lubricant. 

Figure 6.35 – The retrieved cup from the second 

station using the synthetic lubricant clearly shows 

the wear pattern. 
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6.5 Test results 

 

The wear debris found, form both the patients and the simulator, was divided 

into two main groups, namely round or flake-like and whisker or fibrous. The 

statistical analysis of the wear debris found during this study is shown in 

Table 6.1 and Table 6.2. Figures 6.36 and 6.37 shows the comparison between 

the different wear debris found in the simulator versus the wear debris 

retrieved from patients. 

 

Table 6.1 – The statistical analysis of the flake-like wear debris found in the scar tissue retrieved from 

patients and from the simulator using different lubricants. 

 Lubricant Avg. diameter Min. diameter Max. diameter Standard deviation

  [µm] [µm] [µm] [µm] 

Patients Natural Hip Fluid 92.45 49 231 39.01

Station 1 Synthetic Lubricant 89.83 23 244 48.12

Station 2 Synthetic Lubricant 107.69 27 244 55.03

Station 3 Bovine Serum* 122.94 38 211 42.11

Station 4 Bovine Serum* 102.18 17 243 57.73

 

Table 6.2 – The statistical analysis of the whisker like wear debris found in the scar tissues retrieved 

from patients and from the simulator using different lubricants. 

 Lubricant Ave. length Min. length Max. length Standard deviation 

  [µm] [µm] [µm] [µm] 

Patients Natural Hip Fluid 792.513 310.230 2122.100 471.898 

Station 1 Synthetic Lubricant 826.269 153.710 3855.000 622.054 

Station 2 Synthetic Lubricant 774.604 168.070 2677.500 507.507 

Station 3 Bovine Serum* 825.485 151.100 2692.200 571.685 

Station 4 Bovine Serum* 776.449 104.400 2279.500 530.831 

 

                                                 
*  It must be noted that the assembly was not stripped, in order to ensure the preservation of the 

wear pattern in the station. This is however not according to the current ISO standard. 

  
  

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd    --  OOppppeerrmmaann,,  TT    ((22000055))  



Chapter VI – Simulator Verification  VI – Simulator Verification   

    73

  

    73

  
Origin: Patient Origin: Patient Origin: Simulator Origin: Simulator Origin: Simulator Origin: Simulator 

Medium: Joint Fluid Medium: Joint Fluid Medium: Bovine Serum Medium: Bovine Serum Medium: Synthetic Lubricant Medium: Synthetic Lubricant 
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Figure 6.36 – Samples of the flake-like type of wear debris 
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Figure 6.37 – Samples of the whisker-like type of wear debris 
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6.6 Discussion 

 

Previous scientific studies showed the size of the general expected wear debris 

to be smaller than 0.3 µm. (Tipper et al. 2001, p.120, Saikko et al. 2001, 

p.1507 and Wang et al. 1995, p.865). Tipper et al. (2001, p.120) showed 

flake-like UHMWPE wear debris of maximum 50 µm. The average value 

obtained from this study was almost twice this value. The size of the whisker 

like wear debris found in this study was almost hundred times bigger than 

previously recorded. This is the case for both the wear debris retrieved from 

the scar tissues of patients and the wear debris generated during simulator 

testing. 

 

A possible cause for this might be the magnification used in searching for the 

wear debris. In some of these studies, magnifications of up to 20 000x were 

used, while the maximum magnification used in this study was 200x. If a big 

magnification is used to search for wear debris, one might not be able to see 

the wear debris due to the fact that the wear debris fills the whole screen. 

 

The wear debris that was found in the scar tissue retrieved from patients was 

similar in shape and size to that which was found in the simulator using bovine 

serum and the synthetic lubricant. It has to be noted that the bovine serum 

stations were not stripped and weighed as specified in the ISO standard 

(ISO 14242-1:2002).  
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The advantage of using the synthetic lubricant is that it does not need to be 

replaced every 500 000 cycles due to the following reasons: 

 

• Excellent chemical stability over a time period similar to a typical 

simulator test session. 

• No deposits were formed inside the stations. 

 

This means that one does not have to throw away the third body particles 

when changing the fluid. More third body particles may lead to more wear in 

the cups. 
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A synthetic lubricant was developed for the purpose of this study to replace 

the bovine serum currently being used in simulator testing. This is needed 

because the bovine serum is currently being replaced every 500 000 cycles. 

The new synthetic lubricant does not need to be replaced, thus leaving the 

third body particles in the fluid, which may lead to an increase in wear rate of 

the acetabular cups. 

 

The development of the synthetic lubricant was started by characterising joint 

fluid retrieved prior to corrective surgery. This was necessitated since the 

viscosity and lubricity response of the joint fluids has not been specifically 

studied when temperature fluctuates, as is the case in the human body. An 

increase in the viscosity was observed in response to increase in test 

temperature, while the lubricity showed a decrease for an increase in test 

temperature. It was thus decided to design a synthetic lubricant that would 

map the viscous behaviour of joint fluid while achieving a minimum lubricity 

value. 

 

A solution of two chemicals and one additive package delivered the required 

results. A preservative was also added to the mixture to prevent any bacterial 

growth in the mixture. This new lubricant was then tested over a period of 

eight weeks to ensure chemical stability, resulting in constant viscous and 

lubricative behaviour over this period of time. 

 

A simulator test was run with the new synthetic lubricant and bovine serum as 

the test mediums. During this test, samples of the test mediums were taken at 

500 000 cycles intervals until 4 500 000 cycles. These samples were then 

filtered through a 0.45 µm filter. The bovine serum stations were also drained, 

washed and refilled with new fluid at these intervals, but not stripped and 

weighed as required in the ISO standard (ISO 14242-1:2002). 

 

  
  

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd    --  OOppppeerrmmaann,,  TT    ((22000055))  



Chapter VII – Conclusion   

    78

The size and shape of the wear debris found in the simulator were then 

compared to the size and shape of the wear debris found in the scar tissue of 

revision patients. 

 

The wear debris retrieved from the scar tissue was similar in size and shape to 

that which was found in the simulator using bovine serum and the synthetic 

lubricant. The advantage of using the synthetic lubricant is that it does not 

need to be replaced every 500 000 cycles as it showed stable viscous and 

lubricative behaviour over a time period similar to that of a simulator test. 

 

It can thus be concluded that an acceptable lubricant for use in hip simulators 

had been developed. 
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