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by Adam Briscoe 

 
Total joint replacement is one of the most successful surgical procedures and is a 
proven treatment for arthritis. Despite low failure rates, the wide application of the 
treatment means that large numbers of prostheses fail and must be revised. Improved 
pre-clinical testing methods for these orthopaedic devices may assist in developing 
new prostheses with improved clinical results. Computational modelling of biological 
systems is becoming increasingly accurate and is a much quicker and cheaper 
alternative to physical testing, but continued development is necessary to ensure 
computational models produce accurate and reliable predictions of implant behaviour. 
 
Acrylic bone cements have been used as a method of fixation for over 50 years but 
despite improvements in cement handling techniques and numerous attempts to 
improve the mechanical properties of the cement in other ways, the cement is often 
highlighted as the weak link in the joint replacement system. Aseptic loosening is 
cited as the cause for the majority of revision operations and cement degradation has 
been shown to be a contributor to the loosening process. In-vivo, cement is subject to 
cyclic loads and these are the primary cause of cement damage. Residual stresses 
generated during the polymerisation of the cement are now thought to play a 
significant role in cement failure. 
 
This thesis examines the development of residual stresses as a result of thermal and 
chemical changes during polymerisation of the cement. Experimental techniques for 
characterising the evolution of materials properties during the polymerisation reaction 
are discussed. Differential scanning calorimetry was used to measure the reaction 
variables such as the activation energy of polymerisation. The development of an 
ultrasonic rheometry technique for monitoring the mechanical property evolution 
within a bone cement specimen is discussed. Computational models were generated to 
predict the reaction behaviour of the cement in terms of the heat produced and the 
evolution of the physical properties of the curing mass. Some advantages and 
disadvantages of candidate mathematical models have been evaluated and are 
discussed, along with applications in several implant fixation scenarios.. The model 
compared well with experimental data and was used to predict thermal necrosis in the 
bone surrounding both a hip resurfacing implant and a knee replacement. Using the 
output reaction path produced by the thermal model a mechanical model was also 
produced simulating the shrinkage and mechanical property evolution exhibited by 
the polymerising cement. Two material models were compared with and without the 
effects of plasticity. Residual stress magnitudes were assessed in comparison with 
published values and showed better agreement when plasticity was included. Peak 
stresses were observed to occur during polymerisation. The location of the peak 
stresses were compared with experimental data on pre-load crack locations in the 
literature and showed good agreement. 
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Chapter 1 - Introduction 

 1 

1 Introduction 
 

At this time the cause of osteoarthritis is unknown. However, in middle-aged to 

elderly people the early features of the disease include roughening of the joint 

surfaces, loss of articular cartilage and the appearance of osteophytes (bony spurs). 

The joint responds by producing excessive synovial fluid resulting in swelling and 

restricted movement. In severe cases the cartilage may be completely rubbed away 

resulting in bone-on-bone contact, pain and alteration to joint loading. The resulting 

condition is often debilitating due to limited movement at the joint or pain during 

motion of the joint. 

 

 

Figure 1-1 - Main features of a (a)  normal hip and (b) osteoarthritic hip [105] 

 

Throughout medical history many treatments for osteoarthritis have been used with 

varying degrees of success. Drugs have been used to suppress pain and to reduce 

swelling, restoring some function to the joint. Joint replacement surgery is usually a 

last resort for the treatment of osteoarthritis and has in the past been reserved for the 

elderly, who will have reduced requirements of the joint due to the lower levels of 

activity associated with old-age. More recently the age of candidates for joint 

replacement surgery has been slowly declining as a result of the success of the 

treatment, in turn creating greater need for robust and long lasting joint replacements. 

 

Joint replacement surgery is one of the most successful procedures available today. 

Total joint replacement components have gone through several iterations before 



Chapter 1 - Introduction 

 2 

arriving at the range available to surgeons in modern orthopaedics. The first joint 

replacements were interpositional spacers aiming to separate the joint surfaces and 

provide a better bearing surface. This procedure has been used for 150 years with 

variable success due to the variety and standard of manufacture of materials used. 

Materials have been a limiting factor throughout the history of joint replacement 

therapy. The early Judet prostheses were polymethylmethacrylate mouldings, 

positioned between the acetabulum and femoral head with a cobalt chrome rod 

inserted into the neck of the femur (Figure 1-2). Unfortunately the head of the 

prosthesis tended to be sheared off at the stem. Longer stemmed prostheses were 

developed to transfer load to the shaft of the bone rather than the neck. 

 

Judet’s attempts to produce a smooth polymer replacement, while unsuccessful, 

inspired Haboush in New York to develop self curing polymethylmethacrylate 

(PMMA) as a material for the fixation of dental prostheses into the bone [115]. At this 

time joint replacements addressed the loss of the bearing surface on the femoral head 

by replacing the head but did not modify the acetabulum. 

 

 

Figure 1-2 - Radiographs and photographs of Charnley (left) and Judet (right) prostheses. 

 

A surgeon named John Charnley (later Sir John Charnley) produced a novel concept 

in total hip arthroplasty. He proposed a long stemmed, low frictional-torque 

arthroplasty with a reduced head size articulating against a polymer insert in the 
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acetabulum. Early attempts used PTFE in the acetabulum but extreme wear of the 

acetabular component and severe tissue reactions due to wear debris were noted and 

caused Charnley to introduce ultra high molecular weight polyethylene (UHMWPE). 

For the first time, orthopaedic components were cemented in place using new PMMA 

based cement. With this combination, remarkable durability and previously unseen 

success rates and reliability were observed. A gold standard of total hip replacement 

was established against which modern designs are still routinely compared. 

 

Since Charnley’s success the design has been refined and cementing techniques have 

been developed to improve the mechanical properties of the cement and the interface 

between cement and bone. Broadly, there are three generations of cementation 

technique which have achieved increasing success with each generation. Initially the 

cement was mixed manually in a bowl and then finger packed into the prepared bone. 

Second generation techniques involved the insertion of a plug for the femoral cavity 

and insertion of cement using a cementation gun or syringe which assisted with 

pressurisation of the cement and in so doing increased interdigitation with trabecular 

bone. The current third generation cementing procedure requires the cement to be 

mixed under vacuum (for porosity reduction). The stem surface is also often treated 

(roughened to improve mechanical interlock with cement, or polished to reduce 

friction after debonding with cement) and a centraliser used to ensure the implant has 

a uniform cement mantle. 

 

While over the past 25 years data has shown that joint replacement (in the hip at least) 

has been improving steadily (Figure 1-3, results from the Swedish Hip Register), in 

England and Wales in 2005 there were still over 4000 hip and 1500 knee revision 

procedures carried out. This represents a significant percentage of the operations 

being carried out annually. Currently the most common cause for revision operations 

in both hips and knees is aseptic loosening (Table 1-1 & Table 1-2) [113]. 

 

While the exact mechanism remains unclear, aseptic loosening has been attributed to 

damage in the cement mantle of cemented total joint arthroplasty. Damage of the 

cement mantle in total hip replacement is a product of the cyclic loading which is 

generated during patient activity. This cyclic loading causes fatigue failure of the 

cement. Cracks can initiate within the cement mantle in a number of different areas; 
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geometry generated areas of high stress, pores and/or inclusions and agglomerates of 

material within the matrix.  If sufficient cracking of the cement mantle occurs, there 

may eventually be loss of support for the prosthesis. Also debris may be generated 

due to the damage process and should this debris reach bone tissue there is an 

opportunity for it to cause an osteolytic reaction and in turn resorption of bone. 

 
Indications for Revision Number of patients Percentage of patients 

Aseptic loosening 3367 78.8 

Lysis 1053 24.6 

Pain 687 16.1 

Dislocation/subluxation 537 12.6 

Periprosthetic fracture 298 7 

Infection 293 6.9 

Malalignment 256 6.0 

Fractured acetabulum 93 2.2 

Fractured stem 79 1.8 

Fractured femoral head 18 0.4 

Incorrect sizing/head socket mismatch 17 0.4 

Other 802 18.8 

Total 4274 100 

Table 1-1 - Cause of hip revision operations in England and Wales during 2004 [113]. 

 

 
Indications for Revision Number of patients Percentage of patients 

Aseptic loosening 1012 58.5 

Pain 311 18.0 

Lysis 301 17.4 

Wear of polyethylene component 292 16.9 

Instability 279 16.1 

Infection 255 14.7 

Malalignment 139 8.0 

Dislocation/subluxation 93 5.4 

Periprosthetic fracture 46 2.7 

Implant fracture 41 2.4 

Other 254 14.7 

Total 1729 100 

Table 1-2 - Cause of knee revision operations in England and Wales during 2004 [113]. 
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Figure 1-3 - Percent of cemented total hip arthroplasties revised due to aseptic loosening. 

Different coloured lines represent implants inserted in a different 5 year period between 1979 

and 1991 [72]. 

 

A large number of studies have considered the mechanical performance of the cement 

mantle surrounding implants and how it relates to loosening [11, 34, 56]. To date very 

few studies have looked at the effects of the cement curing process on the mechanical 

performance. One aspect of the behaviour of cement which is of clinical relevance is 

heat release during curing. The polymerisation of polymethylmethacrylate (PMMA) 

bone cement is known to be an exothermic reaction. Bone is known to begin to die 

when held at temperatures above 40-50˚C for more than 1 minute. For this reason it is 

desirable to predict the temperature history of the cement during cure. 

 

PMMA cement also undergoes a volume change during polymerisation. This volume 

change is generally negative (a shrinkage) [83]. If the cement is constrained during 

cure, as for example by the implant and bone in a joint replacement, the volume 

change may result in a residual stress field being generated in the cement. 

Alternatively, the shrinkage may be deleterious to the properties of the interfaces 

between bone and cement and cement and prosthesis. It is therefore necessary to 

investigate cement cure in terms of volume changes and mechanical property 

evolution alongside the temperature changes. 
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2 Statement of Problem and Objectives of Research 
 

PMMA bone cement remains one of the most popular materials for prosthetic joint 

fixation. In the cementation process pre-polymerised powder is mixed with liquid 

monomer to form a paste, the paste is inserted into prepared bone stock and the 

prosthesis is then forced into contact with the mixture. The cement has no adhesive 

properties but pressurisation of the cement as a separate step or as the prosthesis is 

positioned generates a mechanical interlock between cement and prosthesis and 

cement and bone which secures the prosthesis to the bone once polymerisation is 

complete. 

 

The fatigue life of the bone cement used is critical to the service life of the implant. If 

the bone cement fails then a revision operation may be required. Aseptic loosening 

was the cause for the large majority of revision operations carried out in Sweden 

between 1979 and 1998 [72]. Bone cement damage has been cited as a potential cause 

of loosening of the implant. 

 

Revision operations involving retrieval of the prosthesis and cement mantle as well as 

x-ray imaging of cement mantles in-vivo have shown cement damage accumulation as 

a result of service loads. Several theories have been proposed as to the cause of this 

damage accumulation. Porosity, localised material defects and debonding of the stem-

cement interface have all been cited as major contributing factors in the damage 

accumulation problem [48, 117, 118]. Jeffers et al. have shown that although these are 

indeed contributing factors, they may have less significance in increasing damage 

accumulation rates than residual stresses generated within the cement mantle during 

cure [53]. Several other studies have also shown that residual stress may have a major 

effect on the fatigue life of bone cement [18, 58, 63], but many authors have 

considered residual stresses to reduce to insignificant levels over time due to visco-

elastic processes. Jeffers et al. have shown that this is unlikely to be the case since 

loading begins soon after insertion surgery and the residual stresses generated in the 

cement during surgery have insufficient time to relax post-operatively prior to 
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loading. While the residual stresses drop as a result of stress relaxation, they stabilise 

at a significant value even when visco-elastic effects are accounted for. 

 

Attempts have been made to model the residual stress present in bone cement. Nuno 

et al. modelled the residual stress using a finite element contact model containing a 

cylindrical stem forced into a concentric cement mantle with interference between 

stem and cement [88]. This is an entirely empirical method based on generating a 

finite element model to fit previously established experimental data. Because this 

method is not based on a simulation of the curing process itself no allowance for the 

relative timing of different processes within the curing mass is made. The relative 

timings of the change in mechanical properties, the point at which peak temperature 

occurs and the change in volume may have considerable effects on the resulting 

residual stress field in the cured cement. 

 

Lennon et al. developed a finite element model based on the results of experiments 

involving a cast block of PMMA [58]. By monitoring the temperature change and 

strain in the cement during polymerisation, a comparison between the peak 

temperature and a degree of polymerisation was possible, a noted improvement over 

many other models. The empirical function used to calculate the degree of 

polymerisation and in turn the temperature was previously published by Baliga et al. 

and Starke et al. 

 

Empirical methods of residual stress prediction and cement polymerisation modelling 

such as these that depend on large numbers of parameters may cause problems when 

model parameters are fitted to match in-vivo results. Alternative cement compositions 

will require extensive testing before any modelling can be performed. By developing 

a model from first principles it may be possible to include all aspects of 

polymerisation such as temperature, mechanical property and volume changes. This 

will give a better idea of the residual stresses that develop in the cement mantle. 

 

Research objectives were therefore to build a finite element model of bone cement 

polymerisation based on a more fundamental understanding of the polymerisation 

process. Simple methods for the determination of model variables have been 

investigated so as to enable future modelling of new innovations in cement 
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technology. Chemical, thermal and physical changes in cement have been modelled as 

a function of time. The resulting models may be used to generate a specification for 

the bone-cement-prosthesis system in order to minimise residual stresses induced 

during cure and extend the fatigue life of the cement mantles produced in vivo. 

 
 
Modelling should begin with models predicting the thermal behaviour as well as the 

degree of polymerisation throughout the cement mantle during the polymerisation 

process. A parametric analysis should be undertaken and the model, validated 

experimentally. 

 

Results from the parametric analysis should yield data indicating particular sensitivity 

to specific input variables and these should be determined experimentally. 

 

A mechanical model of the shrinkage of polymerisation should be produced using 

mechanical property inputs defined using experimental analysis including the 

shrinkage strain and the mechanical properties at all stages of cure. This mechanical 

model should yield useful results of the residual stress due to cure and should be 

validated against published data. 
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3 Literature Review 
 

3.1 Joint Replacement 

 

3.1.1 Anatomy of Synovial Joint 

Most of the large joints of the body, including the hip and the knee, are synovial 

joints. Characteristic features are that they: 

• Provide a large range of motion. 

• Form the junction of two bones, whose articular surfaces are covered with 

hyaline cartilage. 

• Contain a joint space enclosed by a fibrous capsule. Thickened and organized 

areas of this capsule comprise the named ligaments. 

• Have a synovial membrane lining the joint space. This membrane secretes 

synovial fluid, which fills the joint space and provides lubrication and 

nourishment to the articular cartilage. 

• Have position(s) in the joint's range of motion where the joint space's volume 

is at a minimum, and the joint is close packed. 

 

 

Figure 3-1 - Structure of a typical synovial joint [76]. 
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Hyaline cartilage covers the articular surfaces of both bones in a synovial joint. This 

cartilage serves to lubricate the joint as well as to prevent abrasion and impact of bone 

against bone, which would damage the surfaces causing pain and restricting 

movement. The cartilage is lubricated by synovial fluid, secreted by the synovial 

membrane that lines the joint cavity. Ligaments connecting bone to bone control and 

restrict the motion of the joint. Muscles spanning the joint apply tension via tendons 

which connect muscle to bone to pull the bones in specific directions and articulate 

the joint. 

 

The structure of bone is extremely complex on both a micro and macroscopic scale.  

Macroscopically, the bone occurs in two forms: a dense outer layer of cortical bone 

and a spongy layer of cancellous bone as shown in Figure 3-2. 

 

 

Figure 3-2 - Structure of a typical long bone [76]. 

 

Bone is continually remodelled in adult skeletons. Allowing the skeleton to adapt to 

changes in stress state, remodelling involves the continual removal and re-deposition 

of bone material mediated by local mechanical conditions. Osteocytes (bone cells) 

continually remove and replace the surrounding calcium salts. Osteoclasts dissolve 

bone by secreting acids and releasing stored minerals. Osteoblasts lay down new 

bone. When an osteoblast becomes completely surrounded by calcified matrix it 

becomes an osteocyte. 
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3.1.2 Joint Degradation 

There are certain degenerative medical conditions associated with synovial joints that 

can cause sufficient stiffness or pain to warrant consideration of the replacement of 

the joint surfaces with artificial components. Arthritis is amongst the most common 

forms of joint complaint and affects all synovial joints but causes can vary. There are 

several types of arthritis that affect different components of the joint. For example, 

osteoarthritis, also known as degenerative arthritis or degenerative joint disease, 

usually results from cumulative wear and tear of joint surfaces or from genetic factors 

that affect the formation of cartilage. Osteoarthritis is by far the most common reason 

for joint replacement, accounting for 75.8% of all hip replacements in Sweden 

between 1979 and 1998 [72]. 

 

Rheumatoid arthritis is believed to be caused by the immune system mistakenly 

attacking the joint tissues and affects nearly 2.5% of the adult population in the USA. 

Because rheumatoid arthritis is not directly associated with wear and tear of the joint 

cartilage, it is not primarily found in the elderly, unlike osteoarthritis, which is 

relatively rare in patients under the age of 60 [76]. Allergies, bacteria, viruses and 

genetic factors, alone or in combination, may be causes of rheumatoid arthritis. Drugs 

and physical therapy can slow the progression or mitigate the effects of these diseases 

but in more extreme cases the joint may need replacement. 

 

 

Figure 3-3 – Normal joint (left) compared to an osteoarthritic (right) joint [76]. 

 
Figure 3-3 illustrates the effects of osteoarthritis and depicts the features of joint 

swelling and cartilage erosion as well as those labelled in the figure. These features 

may cause pain, stiffness and grating in the joint. Another effect of osteoarthritis may 

be deformity of the joint leading to deformity of the limb and irregular motion at the 

joint. This may be particularly obvious at the knee as shown in Figure 3-4. 
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Figure 3-4 - Diagram of; a) a normal knee joint and b) a knee joint suffering from osteoarthritis 
[76] 

 
Arthritis can be controlled to some extent by adopting a healthy diet and exercise 

programme. Diet can help to minimise body weight, thereby reducing the loads on the 

joint. Exercise helps to maintain joint strength and range of motion although high 

impact aerobic exercise such as jogging can be counter-productive by causing 

excessive stresses in the joint. 

 

A drug called Cortisone has been used in the past as a short-term treatment for the 

symptoms of osteoarthritis. This treatment was found to actually accelerate the 

condition in a number of patients and so its use was discontinued. If the condition is 

beyond the use of drugs (now aspirin related courses are used) then minor surgery can 

be used to remove bone irregularities. A joint replacement is a last course of action 

and is the treatment we are concerned with. 

 

3.1.3 Different Types of Joint Replacement 

Joint replacement consists of the exchange of the diseased and/or damaged bone and 

articular cartilage in the vicinity of the joint with artificial materials to form 

replacement bearing surfaces. This reduces pain and inflammation at the joint. 

 

Most joint replacements can be performed as either a cemented or cementless 

operation. For initial fixation to the skeleton, cementless components commonly rely 

on under-reaming the bone cavity in order to produce a press-fit between implant and 

bone, which allows load transfer without excessive movement. The inserted prosthesis 
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may have a porous coating to promote bony ingrowth and integration with the 

surrounding tissue in the long term. Due to the material properties and natural 

adaptation mechanisms of bone, the press fit will reduce over time to be replaced by 

so called “secondary fixation” due to bone ingrowth. This technique is popular in the 

United States. In Europe however, it is less common, being more often reserved for 

younger patients in order to preserve bone and to reduce complication in future 

revision surgery. The cementless technique requires a high degree of accuracy while 

reaming the cavity to produce an even transfer of load to the bone. 

 

Cemented joint replacements involve creating an oversized cavity in the bone into 

which cement is injected; the new component is then inserted into this mass. The 

cement is then allowed to harden around the implant, the resulting cement mantle 

fusing the implant to the bone and facilitating load transfer across the joint. 

 

Each procedure has its own benefits and the choice of cemented or cementless joint 

replacement is made based on the individual patient anatomy and complaint. For 

example, by using the cemented technique a rapid fixation is achieved and there is no 

time required for bone ingrowth. The addition of an extra component (a cement layer) 

may contribute to a shorter implant life however, due to degradation of the cement 

mantle. Also this extra layer of material can complicate revision surgery by 

fragmenting during retrieval. 
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Figure 3-5 - X-ray of a Charnley hip replacement in-situ. 

 

Bone cement was first developed and used for hip replacement by Professor Sir John 

Charnley (1911-1982) acting on advice from a dental materials scientist, Dennis 

Smith, who introduced Charnley to self curing polymethylmethacrylate (PMMA). 

Since then, cement has been tried in all joint replacement procedures with varying 

degrees of success. 

 

 

Figure 3-6 - Three designs of conventional cemented femoral hip stem (left-right: Charnley, C-
stem from DePuy™ and Exeter from Stryker™ Howmedica)  
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Charnley produced large improvements in hip replacement by using a long stem, 

providing better fixation with the bone and smaller head sizes to reduce frictional 

torque and consequently stresses at the fixation of the acetabular component (Figure 

3-5). This type of stem has been the reference against which all developments since 

have been compared. There is a marketing requirement for orthopaedic manufacturing 

companies to continually develop new designs of devices although experience has 

shown they are not always an improvement on what has gone before (Figure 3-6) 

[35]. 

 

 

Figure 3-7 - A metal on metal hip resurfacing joint in its acetabular cup [22] 

 

In order to preserve as much bone stock as possible, shorter stems have become more 

common, and recently a procedure in which only the joint surface is replaced has 

become widely available. These so called resurfacing methods for the hip involve 

removing a thin layer of bone from the femoral head and re-covering it with a metal 

implant which articulates within a metal acetabular component (Figure 3-7). This has 

been enabled by improved manufacturing processes which allow the larger head size 

to be made with sufficient accuracy that reproducible tribological performance can be 

ensured [106]. The resurfacing procedure has shown good success rates. Amstutz 

states a survival of 94.4% of resurfacing components after four years [2]. Treacy et al. 

showed a 98% survival of resurfaced hips in their study in the sixth year and that 130 

hips of 144 were being used to play sport [114]. 
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The general form of the cemented total joint arthroplasty remains the same throughout 

the body, whether it is at the hip, knee, shoulder or ankle. A typical configuration for 

a total joint replacement is to have a metal component which is cemented into one 

bone and which bears on a polyethylene bearing surface, which may be metal backed, 

cemented into the other bone (Figure 3-8). This has been the most popular design for 

many years now although new manufacturing technologies and materials 

developments have allowed alternatives to be considered for modern surgery. The use 

of metal-on-metal, ceramic-on-ceramic and ceramic-on-polyethylene bearings has 

become increasingly popular with many orthopaedic device manufacturers now 

offering them as part of their range. 

 

 

Figure 3-8 - Generic joint showing the natural joint (left) and the make up of a cemented total 
joint replacement (right). 

 

At the tibio-femoral joint of the normal knee, the load bearing surface is divided in 

two, but the two are traditionally replaced simultaneously with a single artificial joint 

(shown as a conventional knee in Figure 3-9). Again, there are many different joint 

designs that are available for the knee but a more recent trend for minimally invasive 

surgery has encouraged the use of components which replace just one of the two 

condyles allowing for the other side to remain natural (unicondylar implant, Figure 

3-9). At present the lowest coefficients of friction that can be reproduced within the 

body using artificial bearings are still significantly higher than the natural joint 
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surfaces [67]. This is another reason why preservation of one of the condyles is 

desirable. 

 

There are different options which can be used for different joints throughout the 

skeleton. However, the type of cement used is similar for every joint. 

 

 

Figure 3-9 - Conventional knee implant (left) compared to uni-condylar knee implant (right) [22] 

 

3.1.4 Cemented Joint Replacement Procedure 

As explained in section 3.1.3 all cemented joints have the same basic structure. They 

also share the same basic procedure of insertion: The patient is first anaesthetised; 

both local and general anaesthetics may be used. When the anaesthesia has taken 

effect, the initial surgical cut is performed and is of a suitable size and position to 

allow access to the joint for prosthesis insertion. Muscles are generally cut and/or 

retracted (held out of the way), so that the joint capsule can be visualised. The capsule 

is then opened revealing the joint. 
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Figure 3-10 - Prepared acetabulum and tibia with their respective joint replacement components 
(cement not shown) [129] 

 

The joint can then be dislocated by manipulating the limb. The concave side of the 

joint (acetabulum in the hip, tibial plateau in the knee, glenoid in the shoulder etc.) is 

then reamed to remove damaged cartilage and bone and to shape it so that it will 

match that of the implant (Figure 3-10). Pre-mixed bone cement is pushed onto the 

prepared bone surface and a metal backing component* is then inserted and pushed 

firmly into the cement. Modern cementing techniques may include pressurisation of 

the cement before component insertion to ensure cement enters the pores of the 

cancellous bone, leading to greater “interdigitation” of cement and bone at the 

interface between the two and a mechanically stronger interface. Once the metal 

backing is secured in place, the plastic insert can be fitted into the metal backing. 

 

The other portion of the joint is prepared and a component inserted in a very similar 

way (Figure 3-11). 

 

When all implants are in place the joint is relocated, the soft tissues repaired and 

finally the wound closed (Figure 3-12). 

 

                                                
* Used in many popular joint replacements in the UK currently. Some components are all-polyethylene. 
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Figure 3-11 - Insertion of femoral hip (left) and femoral knee (right) components into the 
prepared femur (cement not shown) [22] 

 

 

 

Figure 3-12 - Diagrams of completed and closed hip and knee total arthroplasty [129] 
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3.2 Bone Cement 

 

Bone cement is the generic term used to describe all grouting agents used in joint 

surgery. It is most commonly a polymethylmethacrylate (PMMA) based polymer. 

When used in the operating theatre, two components are mixed (liquid monomer and 

polymer powder blend). Immediately after mixing the monomer begins to polymerise 

which eventually causes the whole mass to harden into a solid. Three stages typically 

occur during the production of bone cement; mixing of the two phases, gel formation 

and polymerisation of the monomer [89]. 

 

3.2.1 Cement Ingredients 

Modern bone cement has several different ingredients, many of which are involved in 

or control the rate of the polymerisation reaction. There are also several different 

additives, which are introduced for various reasons but play little part in the reaction 

kinetics. 

 

The bone cement is mixed from two components; a powder blend of different 

compounds and a liquid mixture of different compounds. Certain ingredients are 

common to most if not all brands of bone cement: 

 

The powder typically contains: 

• Polymethylmethacrylate beads, which make up the majority of the powder 

blend and are pre-polymerised under controlled conditions by the 

manufacturer. Other co-polymer based cements with compositions involving 

styrenes, methylacrylates and butyl-methacrylates among others. 

• Barium sulphate, used as a radiopacifier. This reduces the translucency of the 

cement to x-rays so as to make it visible in x-ray images taken post-

operatively. Zirconium dioxide is an alternative to barium sulphate. 

• A reaction initiator such as benzoyl peroxide. 

 

The liquid generally contains: 
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• Methylmethacrylate monomer, which polymerises to form the solid bone 

cement. 

• A reaction accelerator such as N, N-dimethyl-p-toluidine (N, N-DMPT). 

• An inhibitor such as hydroquinone to prevent premature polymerisation during 

storage. 

 

Manufacturers often supplement this recipe with additional ingredients in order to 

produce the desired mechanical properties, reaction time or other properties making 

the cement more appropriate for particular operations or applications. For example 

Simplex P™ has a low viscosity in the period immediately after mixing, making it 

flow a lot more easily but making it more difficult to handle. Palacos R™ has 

chlorophyll added to colour the cement green making it more easily distinguishable in 

the surgical wound. 

 

Some of the most common additives for cement are antibiotics such as gentamicin. 

These are aimed at resisting infection, which may be induced as a result of surgery. 

Hydroxyapatite (HA) has also been experimented with as an ingredient for 

encouraging the growth of bone onto the cement surface. The addition of many of 

these ingredients, while useful in certain circumstances, is often to the detriment of 

mechanical properties of the cement [6]. 

 

3.2.2 Mixing Techniques 

Since the use of PMMA bone cements was first established, various different 

techniques have been used for the mixing of the two components. Methods have been 

refined over this time to produce the techniques that are used in modern surgery. 

 

When first used, cement was mixed in a bowl before being manually packed into the 

bony cavity as a paste. Problems were quickly identified with this procedure as it 

proved difficult to obtain a perfect mantle free of large pores. Pores are known to act 

as sites of stress concentration within the cement mantle from which cracks can 

initiate and grow. 
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Syringes were introduced as an insertion method in order to reduce the entrapment of 

air within the cavity. This method works very well in certain situations such as 

inserting cement in long cavities, like the femoral component of total hip replacement. 

However, many joint replacements require the cement to be moulded around or on top 

of much wider and flatter or even convex geometry. For these procedures, manual 

insertion is still preferred. 

 

Following the recognition of pores as sites of crack initiation in the cement mantle, a 

number of methods for mixing the cement were developed to minimise the production 

of pores. When mixing in air, the agitation required to mix the cement entraps air into 

the cement. By removing the air it is possible to drastically reduce the amount of 

porosity. Vacuum mixing methods have been developed by many different cement 

manufacturers. Many have been shown to improve the quality of the bone cement by 

reducing the number of pores [60]. 

 

Other methods have also been developed in attempts to further reduce the porosity in 

the cement. By spinning the cement in a centrifuge after mixing it is possible to 

further reduce the porosity in the cement, although the effect of additionally 

centrifuging the cement following vacuum mixing on porosity has been shown by 

Macaulay et al. to be insignificant [70]. 

 

The most popular techniques used in modern surgery generally involve mixing the 

cement within the barrel of a cement syringe. A vacuum is applied to the barrel and 

the two components are inserted through a funnel. The barrel is then sealed creating a 

vacuum in the syringe. The cement is then mixed under vacuum using an agitator 

which runs inside the sealed syringe barrel. Once mixed thoroughly the vacuum is 

removed and the syringe barrel is inserted into a cement insertion gun. The cement 

can then be used by injection (Figure 3-14). The CEMVAC© system, manufactured 

by DePuy CMW™, operates on this principle and is shown in Figure 3-13. 
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Figure 3-13 - Photograph of Cem-Vac™ cement mixing system. Syringe with funnel, sealing 
plunger, nozzle cutter, cement delivery gun, sachet of cement powder and vial of liquid monomer 
are shown. 

 

Many other manufacturers use slightly different techniques but the methods are 

generally similar. However, the quality of the cement that results can vary from one 

manufacturer to another. Dunne et al. showed the variation between the porosity and 

subsequent fatigue performance of 6 different vacuum mixing kits to be of statistical 

significance (porosity ranging from 1.44% using Mitab Optivac™ and 10.3% using 

Zimmer Osteobond™ when Palacos R™ cement was mixed in each, according to the 

manufacturers instructions [26].) 

 



Chapter 3 - Literature Review 

 24 

 

Figure 3-14 – Typical procedure for vacuum mixing cement [21]. 

 

There are still ongoing studies into techniques for mixing of bone cement, in an 

attempt to improve not only the resulting mechanical performance of the cement but 

also the heat produced during cure (discussed in 3.3.2 Aseptic Loosening). Wang et 

al. investigated changes to the thermal behaviour of cement as a result of vacuum 

mixing. Little change in polymerisation temperature was observed due to changes in 

pressure at which the cement was mixed [123]. McCullough et al. looked into the 

effects of initial temperature of the cement and also the effects of using an automated 

cement mixing machine on the homogeneity and the porosity of the final product [77]. 

It was seen that colder cement could be mixed for longer as the reaction ran more 

slowly (discussed in 3.2.3) and that this created more homogeneous cement as did 

automated mixing when compared to hand mixed cement. Conversely Lewis 

investigated the fatigue performance of cements that had been stored at different 

temperatures and found no significant difference between cement stored at room 

temperature (21°C) and cement stored at 4°C [60]. The effect of sterilisation method 

has been investigated by Graham et al. [34]. Et-O sterilisation produced little effect 

on the fatigue performance of the cement. Radiation sterilisation at increasing 
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intensities caused a degradation of the cements’ fatigue performance. This deleterious 

effect upon the mechanical performance seen in radiation sterilised, vacuum mixed 

bone cement is attributed to a decrease in molecular weight caused by scission of the 

polymer chain during the sterilisation process. An additional parameter, investigated 

by Bettencourt et al. is the liberation of methylmethacrylate monomer from the 

cement and the effect that vacuum mixing has on it [10]. It was seen that after low 

pressure (0.15bar) vacuum mixing, the liberation of potentially harmful 

methylmethacrylate to the atmosphere was reduced significantly. This is due to 

mixing the cement in a closed system with filtration on the vacuum line. 

 

3.2.3 Cement Polymerisation Kinetics 

As discussed earlier, bone cement is mixed in the operating theatre and is then 

injected as a fluid into a bone cavity before hardening around an orthopaedic joint 

implant. Bone cement hardens due to the formation of polymer from the monomer 

present in the liquid component. 

 

When the liquid and powder components are mixed, the accelerator in the liquid 

component causes decomposition of (commonly) benzoyl peroxide in the powder 

component, generating free radicals. These radicals initiate an addition polymerisation 

of the MMA monomer and PMMA polymer as shown schematically below. 

 

I             2R•     Initiation 

R• + M            RM•    Propagation 

RM• + M                                             RM•    etc. 

RM~~M• + RM~~M•           RM~~MM~~MR Termination 

 

The polymerisation reaction is complex and involves the generation and subsequent 

continued reaction of many chemical species. The rates of these reactions are 

dependent upon “activation energy”, the degree of polymerisation and the local 

temperature. Various authors have attempted to mathematically model the kinetics of 

the reaction, the fundamental equation being that which describes the relationship 

between heat generation rate and degree of polymerisation. An example is the 

equation proposed by Baliga et al.- 
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( )( ) mn
TfS !!"= 1          1-1 

 

where S is the volumetric rate of heat generation, α is the degree of polymerisation, m 

& n are exponents controlling the effect of the degree of polymerisation and f(T) is a 

function defining an instantaneous rate constant as a function of temperature (T). The 

form of the function f(T) is generally the aspect upon which some authors disagree. 

 

Baliga et al. ran a series of differential scanning calorimetry (DSC) tests at constant 

temperature and used a least squares method to fit a polynomial to the data to 

determine f(T); 
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where ai (i=0-5) are coefficients determined experimentally and T is the temperature 

in ºC [7]. 

 

Borzacchiello et al. used the Arrhenius equation to describe the temperature 

dependence of the rate constant; 

 

( ) RT

Ea

eKTf

!

=
0

         1-3 

 

where K0 is a constant, Ea is the activation energy, R is the universal gas constant and 

T is the local instantaneous temperature in Kelvin [12]. The advantage of the 

Arrhenius approach is that the reaction parameters can be determined simply and with 

relatively few experiments using the DSC techniques described by Starink [109]. 

 

It is known that following cure under clinical conditions, cement contains residual 

monomer content of up to 2-3% of the original amount. The degree of polymerisation 

does not, therefore, ever appear to reach 1. The effect of the residual monomer is not 
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completely known though it is possible that the effect of pockets of residual monomer 

would be to reduce the fatigue strength of the bulk material. The degree of residual 

monomer present at the end of polymerisation can be found using DSC experiments 

as demonstrated by Borzacchiello et al. [12]. Un-reacted MMA monomer is believed 

to leak from the cement mantle into the surrounding tissues, impairing bone 

remodelling and its presence in the hardened polymer influences the mechanical 

properties of the polymer because it acts as a plasticizer [117].  

 

Lee et al. found that it is possible to reduce the amount of MMA monomer that is 

eluted into water after polymerisation by 80% by increasing the reaction temperature 

to 50°C [57]. Borzacchiello et al. also noted that for a higher temperature the cement 

would cure faster and give a higher degree of conversion measured by a fraction of 

the total amount of heat produced in a non-isothermal experiment [12]. By assuming 

that the same polymer is produced in every case and that there is no change in the 

amount of monomer lost due to evaporation they state that this indicates that more 

polymerisation has taken place and so there must be less residual monomer within the 

sample. 

 

3.2.4 Mechanical Properties of Curing Cement 

During cure, bone cement experiences a complete change in mechanical properties. 

The properties at the two extreme stages (initially a two phase fluid with solid and 

liquid phases and finally a solid) can each be modelled mathematically but require 

very different techniques. During the early stages of cure the properties are best 

described using viscosity parameters alone. Viscosity describes the ratio of the shear 

stress to the shear rate in a flowing fluid [75]. Immediately after mixing the cement is 

best described as a power-law (pseudoplastic) fluid. The power law relationship 

describes the dependence of the apparent viscosity on the shear rate [25]. A greater 

shear rate reduces the apparent viscosity. In certain circumstances the mechanical 

properties of cement may be simplified to those of a Newtonian fluid, meaning that 

the viscosity is independent of shear rate. This idealisation requires determination of a 

viscosity at a particular shear rate appropriate for the problem at hand and 

simplification to a Newtonian model is only a realistic approximation if the problem 

involves a limited range of shear rates. 
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As the cement cures the properties evolve such that the cement is better described as a 

viscoelastic solid [27]. During the latter stages of polymerisation the properties 

require characterisation using two parameters, the storage modulus and the loss 

modulus. These parameters are often expressed as a complex number, with the real 

part representing the storage modulus and the imaginary part representing the loss 

modulus, which can be represented in an Argand diagram (Figure 3-15 where 

t1<t2<t3). 

 

 
Loss Modulus 

Storage Modulus 

 

Figure 3-15 - Argand diagram of rheological properties of cure over time showing that both the 

storage and loss modulus increase during polymerisation. 

 

Viscosity parameters can be determined using rheometers [54]. Rheometers are 

usually of rotational or capillary design. A rotational rheometer calculates viscous 

parameters from the resisting torque produced between a rotating cone and a flat plate 

separated by the material of interest. Capillary rheometers calculate these variables 

from the rate at which material is extruded through a capillary tube with a pressure 

difference between the ends. The different rheometers are used depending on the 

shear rate required in the material under test (for high shear rates the capillary 

rheometer is used). 

 

Oscillatory rheometers can be used to determine the viscoelastic behaviour of the 

cement (storage and loss modulus). The moduli determined using these methods can 

t=t1 
t=t2 

t=t3 
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be thought of in terms of spring and dashpot models. Springs of a particular stiffness 

represent the elastic contribution and dashpots of a particular damping coefficient the 

viscous contribution to the material behaviour. By combining a single spring and 

dashpot in series or parallel, Voigt and Maxwell elements can be generated 

respectively (Figure 3-16). These elements can be used very effectively to show creep 

(when in parallel) and stress relaxation (when in series) behaviour of a material. By 

combining several elements in an array a generalised Maxwell model is generated, 

which can be used to describe the mechanical properties of a material to high degree 

of accuracy [103]. However, relatively few studies in which measurements of the 

mechanical properties of the cement during the curing period have been published. 

 

 

Figure 3-16 – Maxwell (left) and Voigt (right) elements. 

 

Carlson et al. used ultrasound as a means of measuring the mechanical properties of 

cement during cure and used their value of the elastic modulus to determine the 

degree of polymerisation [16]. The method adopted in the study by Carlson et al. (and 

by Nilsson et al. [85]) was to assume a perfectly elastic material and therefore 

calculate a simple value for the elastic modulus which was then assumed to be 

proportional to the degree of polymerisation. This assumption becomes more accurate 

towards the end of polymerisation when the cement sample behaves elastically, 

however at the beginning of polymerisation the sample was a fluid and the elastic 

modulus in this case is not a complete picture of the mechanical properties. As stated 

above, the modulus of the cement throughout cure is complex and must be calculated 

from complex values for the shear and compressional moduli. 
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Cement additives have a bearing on the mechanical properties. In general, additives 

(discussed in section 3.2.1) are included for non-mechanical reasons, for example 

antibiotics may be included in order to reduce the risk of infection, or barium sulphate 

may be added to enable the cement mantle to be seen under x-ray. Often the addition 

of these useful ingredients is to the detriment of mechanical properties and possibly 

the service life of the cement. Baleani et al. showed that radiopacifying agents did 

indeed reduce the fatigue strength of bone cements (Figure 3-17) [6]. 
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Figure 3-17 - S-N curves for plain PMMA compared to PMMA with radiopacifier (Ro PMMA) 

and PMMA with both radiopacifier and antibiotics (Ro PMMA + Ant) (reproduced from [6]). 

 

3.2.5 Volumetric Changes in Curing Cement 

PMMA bone cement undergoes a density change during polymerisation as the liquid 

monomer is converted to a polymer of higher density [30]. Assuming mass 

conservation, this density increase must result in a decrease in cement volume 

(shrinkage). This shrinkage may account for some of the pores found in retrieved 

bone cement mantles. Void elimination by vacuum mixing increases cement 

shrinkage, possibly compromising the mantle interfaces [83]. Another cause for 

concern due to the shrinkage of cement is residual tensile stresses produced when the 
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cement is prevented from contracting by the presence of the stem. These stresses can 

seriously compromise the life of the cement mantle resulting in high damage 

accumulation rates and the necessity for revision operations [91]. 

 

Although the net effect of cement cure appears always to be a shrinkage, the study by 

Müller et al. showed the change in volume as a function of time for a sample of 

curing bone cement suspended within a water bath to be non-linear [83]. Volume 

changes observed in hand mixed cement and vacuum mixed cement are shown in 

Figure 3-18. It can be seen that in the case of the hand mixed cement a volume 

increase is often recorded in the early stages of cure. This may be due to thermal 

expansion of air trapped in the cement, since an initial expansion was not seen in 

vacuum mixed cement. The chemical shrinkage may be ‘masked’ by this effect until 

the latter stages of cure. This effect also reduces the overall shrinkage of hand mixed 

compared to vacuum mixed cement. 

 

 

Figure 3-18 - Volume change as a function of time exhibited in (a) vacuum mixed and (b) hand 
mixed bone cement [83]. 
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3.3 Reasons for Joint Revision 

 

There are many problems associated with the use of bone cement in total joint 

replacement, many being thought to be a direct cause of failure of the artificial joint. 

Despite these problems however data published in the Swedish Total Hip 

Replacement Register shows that cemented implants outperform uncemented joints. 

Cemented implants have a revision rate of 5.2% after 10 years while uncemented 

implants have a revision rate of 12.3% after 10 years [71]. 

 

3.3.1 Surgical Trauma 

A total joint replacement may require revision in the short term due to infection or 

technical error during the operation. These are uncommon causes of joint revision 

compared to aseptic loosening (loosening of the implant in the medium to long term 

in the absence of infection) [72]. Only 8% of joint revision operations are accounted 

for by infection and only 3.5% by technical error. 

 

There are several different sources of infection. It may come from the operation itself 

(any major operation carries with it a certain risk of infection) or may be the result of 

the prosthesis creating an environment where infections from other sources can 

establish themselves. 

 

3.3.2 Aseptic Loosening 

The 2002 report of the National Swedish Hip Register [72] states that aseptic 

loosening accounted for 75.7% of joint revision operations in cemented implants 

between 1979 and 1998. Aseptic loosening involves the loosening of one, or 

sometimes both, components of a THR due to non-infection related causes. Although 

many joint revisions are attributed to aseptic loosening, the mechanism of loosening 

remains unclear. There are several different processes that may play a part in the 

aseptic loosening process. Figure 3-19 shows radiographic evidence of aseptic 

loosening in a femoral component of a total hip replacement; there is a proximal 

radiolucency due to prosthesis subsidence (A) and distal radiolucencies due to 
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osteolysis (“bone breakdown”) (B) and distal cement damage (C) [111]. 

Radiolucencies indicate regions where soft non-structural tissues or gaps are present 

between bodies. 

 

 

Figure 3-19 - Radiograph indicating distal and proximal loosening of the femoral hip component 
[20]. 

 

Destructive Wear 
The polyethylene insert in the acetabular cup of a total hip replacement is 

significantly softer than the metal or ceramic head of the femoral component and so 

articulation of the joint causes wear, primarily of the softer component, which is 

dependent on the contact pressure and range of motion [78]. The problem is 

exaggerated in the knee where contact pressures are often higher and kinematics more 

destructive. The wear particles generated from metal-on-polyethylene or ceramic-on-

polyethylene are generally of a larger size than those generated by metal-on-metal or 

ceramic-on-ceramic bearings and many of the particles are of biologically active size 

of between 0.1 and 1µm [46]. These wear particles can be transported through tissues 

A 

C 

B 
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where they can cause biological reactions and osteolysis (the breakdown of bone). 

Particles can even be transported down a debonded cement-implant interface [104]. It 

is believed that these particles may then be transported through cracks in the cement 

mantle to the cement-bone interface. Athanasou et al. [3] showed that these particles 

could cause osteolysis. The threshold for determining whether osteolysis will cause 

clinical problems is loss of about 0.1mm of polyethylene thickness through wear per 

year [73]. This is also the case for many other materials, for example titanium 

implants as shown by Lombardi et al. [66]. 

 

As well as causing osteolysis, wear in the knee can cause destruction of the bearing 

surface and cause a change in the motion, often causing grating and sometimes pain 

and changes in the walking pattern. This wear can also cause an increase in joint 

laxity and instability during normal motion. This is less of a cause for concern in the 

hip due to the geometry of the joint creating an inherent stability. Wear in the hip will 

affect the offset but the joint motion will be little affected. 

 

Verdonschot et al. [120] also showed that, where a femoral stem becomes debonded 

at its interface with cement, wear of the cement mantle might also take place due to 

motion. This effect is increased with increased stem surface roughness. It is believed 

that all stems will debond from the cement over time (although this process might be 

slower for rough stems than polished stems) and so to minimise damage to the cement 

mantle, smooth polished stems should be used. The particles produced by this wear 

mechanism can also promote bone resorption through osteolysis. 

 

Stress Shielding Leading to Bone Remodelling 

Insertion of implants of greater stiffness than bone will greatly alter the stress 

distribution experienced by the bone during activity. Bone is an adaptive material. 

Where high stresses are experienced in the bone more material will be laid down and 

the opposite is true for areas of low stress, in which case bone is resorbed. This 

process is known as bone remodelling and is summarised as Wolff’s law [101, 127]. It 

has been proposed that the areas of bone resorption due to ‘stress shielding’ as a result 

of reduced bone stresses due to the presence of a stiff implant will lead to loosening of 

the implant and cement mantle within the bone. Loss of bone stock as a result of bone 
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remodelling is also of major concern should a revision operation be necessary. It may 

be possible to reduce the size of reduced stress regions by using a hollow stem, which 

will be more flexible and generate a more even distribution of stress to the cancellous 

bone. It is, however, impossible to completely eliminate the effect of stress shielding 

since even if using material with identical properties to the removed bone, there is 

often a high percentage of the volume occupied by the prosthesis, which is non-

structural in the natural bone (for example; the medullary canal replaced by a femoral 

hip replacement component). 

 

Bone Necrosis 

Bone may die as a direct result of surgical trauma. There are two main areas of 

concern during the surgical procedure. Firstly, the reaming of the medullary canal 

causes a sharp elevation in temperature, which may cause local necrosis (death) of 

bone [41]. Secondly, heat evolved during cement cure causes an increase in bone 

temperature. Bone is believed to die as a direct result of exposure to high temperature 

for long periods of time. The higher the temperature, the less exposure time is 

required before necrosis begins. Specifically, Baliga et al. states that a temperature of 

50˚C for more than one minute will cause necrosis of cancellous bone [7]. Reaming 

should be performed slowly to reduce mechanically induced temperature increases. 

The temperature increase of bone cement is difficult to control as it polymerises via 

an exothermic reaction. Meyer et al. have measured and reported temperatures of 

70ºC in-vivo [80]. Bone-cement interface temperatures of similar values have been 

reported from in-vitro experimentation, which is potentially damaging to the 

surrounding bone and in turn the implant life [7, 23, 62]. Starke et al. published finite 

element models produced using Abaqus™ comparing different cement thicknesses 

and their effect on bone necrosis (Figure 3-20) [110]. The high temperature areas 

observed in the study by Starke et al. were not uniformly distributed. The variations 

between proximal and mid-section areas may be explained by a non-uniform cement 

mantle – high temperatures were associated with areas containing more cement than 

others. The distal areas of high temperature were most likely caused by boundary 

conditions at this end (body temperature was assumed at the distal section, room 

temperature at the proximal section). The more bulky proximal part of the stem may 

be considered to act a as a more effective heat sink than the distal part. 
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Figure 3-20 - Temperatures of cement and bone during polymerisation, reproduced from Starke 

et al. [110]. 

 

In general, the temperature that the cement will reach will depend on many different 

variables: -  

 

• Cement chemistry – cements with higher activation energy for polymerisation 

will have lower reaction rates and therefore reach lower temperatures. 

• Physical properties of stem, cement and bone - specific heat capacities and 

thermal conductivities of the stem, cement and bone will affect the 

temperature reached. 

• Initial conditions – higher stem or cement temperatures will affect the 

temperature - at a higher initial temperature, the polymerisation reaction will 

proceed at a higher rate [12]. 

• Cement mantle geometry - a thicker cement mantle will cause a greater build 

up of heat internally which must then dissipate through the bone. 

 

The necrosis of bone which may be induced by high bone cement temperatures is 

perceived as a problem by some surgeons and may contribute to short-term loosening, 
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although there is little clinical evidence directly supporting the claim of necrosis 

leading to aseptic loosening in the long term. However, Willert and Puls found, during 

a post-mortem study, a zone of necrotic tissue (both bone and marrow) of 3mm 

thickness in places around a cemented prosthesis a few weeks after implantation 

[125]. 

 

Necrosis can also be caused by the residual monomer content of the bone cement 

(discussed in section 3.2.3). This chemical effect has, however, been shown to be 

insignificant when compared to mechanical and thermal trauma during surgery [28, 

64]. 

 

Cement Mantle Damage 

According to James et al. “mechanical failure of the cement mantle is the most 

common cause of aseptic loosening in cemented types of femoral prostheses” [48]. 

Stauffer et al. states that the most common mode of loosening in total hip replacement 

is cement cracking due to circumferential (hoop) stresses [111]. Cement damage 

accumulation reduces the ability to transmit load locally due to cracks and 

degradation causing a reduction in local materials properties. This may cause an 

increase in stress seen in other areas of the cement mantle and damage there may be 

accelerated. 

 

Due to advances in stem designs, stem fracture is now a rare mode of failure, 

accounting for only 1.6% of revision operations reported in the Swedish hip register 

between 1979 and 1998 [72]. Early stems were prone to fracture and it was a heavily 

studied area until the 80’s when the results of improvements in stem design began to 

be observed in clinical data. Gruen et al. showed in 1978 that although stem fracture 

was of concern, the cause of stem fracture in all of the cases studied was loss of 

cement support due to mantle degradation [37]. 

 

Damage accumulation is the most common means of mechanical failure of the 

cement. Debonding of the cement-stem interface, residual tensile stresses within the 

cement mantle and porosity and local flaws within the mantle are all thought to be 

important factors in cement damage accumulation [53]. 
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Damage accumulation occurs in the cement mantle as a direct result of fatigue of the 

polymer. As the polymer is under cyclic load due to walking and other activities that 

involve the hip joint, the fatigue process begins as soon as the patient regains 

mobility. 

 

The rate of damage accumulation can be greatly affected by the polymerisation 

process due to the formation of residual stresses within the cement mantle. These 

residual stresses can be sufficient to cause cracking through the cement mantle even 

before load has been applied [24]. 

 

Debonding 

Debonding can occur at both the cement-bone and cement-prosthesis interfaces but 

most often will be found at the cement-prosthesis interface [48]. The cement-bone 

interface relies on interdigitation as a means of fixation. The quality of the bone into 

which the cement is implanted therefore plays a large part in determining the life span 

of this interface. The interface at the bone has been the subject of radiographic study. 

It is possible that debonding at the cement bone interface is a result rather than a cause 

of aseptic loosening, whereas at the implant-cement interface, it is believed to be a 

cause. Cement-stem debonding can cause the generation of debris which may be 

transported to the bone interface where if of an appropriate size and shape, this debris 

may cause osteolysis and in turn debonding at the bone interface. Cement-bone 

debonding found using radiographic techniques has been used clinically as a sign of 

aseptic loosening [37]. The amount of cement-bone debonding observed in clinical 

studies has been steadily reducing [111]. This may be due to more modern cementing 

techniques, where careful preparation of the bone bed and pressurisation of the 

cement allow deeper penetration of cement into the cancellous bone, improving 

interlock at the interface. This also helps to prevent fibrous tissue formation at the 

bone cement interface [49]. 

 

The majority of debonding is found at the stem-cement interface. All radiographic 

studies found in the literature have shown signs of radiolucency in more than 50% of 

stems observed [20, 37, 81, 93, 111]. In a study by Paterson et al. there was some 
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radiolucency observed in 100% of the samples considered [93]. It may be concluded 

from these studies that debonding occurs more readily at the cement-stem interface 

than at the bone-cement interface. Further evidence was provided by the article by 

Jasty et al. who found debonding around the entire circumference of the implant at the 

stem-cement interface of some post-mortem total hip replacements where the bone-

cement interface remained intact [49]. This debonding occurred mainly in the 

superolateral region of the stem but often extended to include some proximal 

debonding. In all but the worst cases the stem-cement interface remained bonded in 

the middle region of the stem. 

 

The material and surface finish of the stem can greatly affect the timing and degree of 

debonding at the stem-cement interface. Prostheses with a smooth polished surface 

will debond more readily than those with a matt ‘roughened’ surface. Surface 

roughness and its effect on damage accumulation through debonding has therefore 

been the topic of several studies. Verdonschot et al. modelled surface roughness using 

a finite element method in Marc™ and showed that an increase in surface roughness 

reduced the stress on the cement mantle and reduced prosthetic subsidence [121]. 

However, roughened stems have a major disadvantage in that they will cause abrasion 

of the cement mantle if debonding does occur. This was found to be the case in some 

experimental work by Verdonschot et al. and damage accumulation in the cement 

increased as a result [121]. 

 

Some authors believe that it is preferable to have a completely debonded stem from 

the outset as this allows the stem to initially subside a short distance (causing a wedge 

effect holding it more securely in place) and reduces the wear on the mantle after the 

stem has debonded (which may be inevitable). This was shown by Heuer et al. where 

a reduced coefficient of friction reduced the fatigue fracture rate in the cement mantle 

[42]. 

 

In several studies it has been assumed that complete debonding of the stem and 

cement occurs once a load of sufficient magnitude has been experienced by the stem-

cement interface. Verdonschot showed that the debonding process is gradual at the 

stem-cement interface [118]. Mann et al. states that a large amount of energy is 

absorbed before complete debonding occurs at the cement bone interface due to 
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interdigitation of cement and cancellous bone [74]. It was shown that the cement bone 

interface actually shows non-linear debonding behaviour and should be modelled as 

such in all cases. The stem-cement interface generally debonds at a higher rate than 

that of the bone-cement interface and hence in computational studies has often been 

modelled as completely debonded as an initial condition. Finite element models have 

shown that debonded cement-stem interfaces can lead to localised stress 

concentrations in the cement, leading to local crack initiation [119]. Figure 3-21 

shows the effect of stem-cement interface conditions on the damage accumulation rate 

in the cement mantle in a finite element model of a total hip replacement. For a 

completely bonded stem-cement interface the condition of the bone had minimal 

effect, but a much greater effect in the case of an unbonded interface. 

 

 

Figure 3-21 - Damage accumulation of bonded and unbonded stem cement mantles [119]. 

 

Porosity 

Damage accumulation is greatly affected by the initial condition of the cement mantle 

as well as the loading that the mantle is subjected to during its life. High levels of 

porosity and other flaws, which may be exacerbated by poor mixing or handling 

techniques, would be expected to raise the rate of damage accumulation. It has been 

observed in many publications that cracks tend to originate at pores in the cement [30, 

48]. 
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Modern cementing techniques involve mixing cement under vacuum in an effort to 

reduce porosity generated by air inclusion. These techniques have been shown in 

several studies to significantly reduce overall porosity [70]. Other factors affecting 

porosity include storage and mixing temperature, thermal environmental conditions, 

pressurisation of cement and stem surface roughness. 

 

Mixing temperature influences porosity in a minor way when compared to the mixing 

method used (hand mixed or vacuum mixed). A reduction in macro-porosity is 

observed for a reduction in storage temperature. This is believed to be because the 

cement polymerisation rate is reduced and so any shrinkage affects the entire bolus of 

cement rather than nucleating local pores [60]. 

 

By reducing the polymerisation rate it is possible to reduce the nucleation of pores 

within the cement mantle. Reducing the stem temperature allows a small reduction in 

the number and size of pores generated during cure [84]. 

 

By pressurising the cement during cure it is possible to reduce pore nucleation and 

growth within the cement mantle. This is achieved by reducing the local internal 

shrinkage by ensuring that the entire mantle shrinks uniformly [9]. 
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Figure 3-22 - Fracture surface showing large pore and smaller adjacent pores where cracks have 
initiated [48]. 

 

Increased stem surface roughness is believed to increase porosity at the stem cement 

interface by increasing entrainment of air during stem insertion. 

 

Jafri et al. showed that porosity is related to the temperature of the stem, with a heated 

stem causing a dramatic reduction in the surface porosity at the stem-cement 

interface. This may help to improve the life of the cement mantle in-vivo [47]. 

 

Residual Stress 

Residual tensile stresses are produced in bone cement mantles for two reasons. Firstly 

there is a thermal contraction that takes place after stress locking has occurred (stress 

locking is considered to be point at which the cement has hardened sufficiently for 

any further volume change to generate residual stresses in the constrained cement). 

There is also a volumetric change related to the polymerisation of the cement. 

 

The necessity of including residual stress in bone cement fatigue models has been a 

matter of contention for some time. While residual stresses of 2.5MPa [88] to 

12.6MPa [91] have been measured, the ultimate tensile strength of typical bone 
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cement is 40-50MPa [39] and for this reason the residual stress has been considered 

by many to be insignificant when modelling the life of the cement. The viscoelastic 

properties of the cement (stress relaxation) have also been used to justify neglecting 

residual stresses. 

 

Stress relaxation is defined as “the change in stress in a sample held at constant 

strain” [56]. Stress relaxation is a known phenomenon in acrylic bone cements and 

will tend to reduce the residual stress in the mantle. This reduction in the residual 

stress has been assumed to occur before the first loading cycle in fatigue and damage 

accumulation models published to date. For all these reasons the residual stress has 

been discounted in many previous studies as the effect on the damage accumulation 

rate was deemed insignificant. 

 

Recently it has been shown that these assumptions may not be accurate. Residual 

stresses in typical cement mantles are significantly lower than the ultimate tensile 

strength of the cement. However, residual stresses are of the same order as the stresses 

induced by load application, and hence in the worst case, when the first load cycle is 

applied, the stress experienced by the cement mantle may approximately double. This 

change in the stress may significantly shorten the fatigue life of the cement. Stress 

relaxation will reduce the residual stress but the residual stress will nevertheless 

stabilise at a level that is still a significant fraction of the total stress in the material 

when under external load. 

 

There is some evidence that residual stresses generated during polymerisation are 

sufficiently high to initiate cracks in the cement prior to load application [91]. This 

pre-load cracking may be extremely important in determining the life of the total joint 

replacement. In a brittle polymer such as PMMA the fatigue life is usually dominated 

by crack initiation [49]. If cracks are already present (initiation has already taken 

place) prior to the application of load then it is reasonable to assume that the life of 

the component will be dramatically reduced. Lennon et al. showed that an area of 

high residual stress lead to pre-load damage in several in-vitro 2-dimensional models 

of femoral components of hip replacement (Figure 3-23) [58]. 
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Figure 3-23 - Pre-load cracking (shown as specks) in 5 in-vitro 2-dimensional models of femoral 
hip component replacement [58] 

 

Orr et al. has also seen these pre-load shrinkage cracks at the cement-implant 

interface using microscopy of a cylindrical representation of a hip stem (Figure 3-24) 

[91]. The bone was represented by a tube of Tufnol™. A gap at the cement bone 

interface was also noticed (Figure 3-25). This can be explained by shrinkage of the 

cement in the hoop direction causing a contraction away from the bone and onto the 

implant, causing both a gap at the cement-bone interface and high stresses in the hoop 

direction which might cause radial cracks at the cement-implant interface.  

 

 

Figure 3-24 - Radial crack observed after polymerisation [91] 
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Figure 3-25 - Gap at the cement-bone interface observed after polymerisation [91] 

 

Orr et al. also noted that these cracks were not seen after hand mixing the cement 

[91]. Hand mixing bone cement is known to produce specimens with greatly 

increased porosity. This is currently thought to be the cause of a reduction in the 

degree of shrinkage observed (typically 1-2% volumetrically with hand mixed 

cement, 7-8% with Vacuum mixed cement) - pores generated by hand mixing expand 

during cure and compensate for contraction due to density change. As a result Orr et 

al. noticed significantly less pre-load cracking surrounding the implant when using a 

hand mixed cement. 

 

It is stated in several recent studies that the residual stress is an important parameter to 

consider when modelling the life of a joint prosthesis [87, 100]. Pre-load cracks add 

an extra difficulty when trying to produce an accurate model of the residual stress 

field, as they cause relaxation of stress in the vicinity of the crack. 
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3.4 Finite Element Modelling of Bone Cement 

 

Bone cement failure has been observed as the most prominent cause of revision for 

several different total joint replacements (section 3.3.2). In an attempt to reduce the 

propensity for cement failure it is firstly important to understand the mechanisms of 

failure and how they interact with each other. This is most easily achieved through 

numerical modelling of the entire system which can be undertaken using Finite 

Element Modelling (FEM). 

 

Finite element methods have proved to be the most popular computational methods 

for predicting the behaviour of implant-bone systems. Finite element packages now 

allow optimisation studies on implant designs long before manufacture. This is 

because a mesh of finite elements can be generated to suit most complex geometries 

and can be sufficiently refined to accurately predict results in specific areas. 

Prendergast et al. reviewed the use of FEM for skeletal analysis, orthopaedic device 

analysis and in modelling of bone remodelling and tissue growth [96]. 

 

Since the early 1980’s 3D modelling has been the standard for computational analysis 

of biomechanical implants albeit using fairly crude geometry approximations in the 

earlier studies due to limitations in computing power and consequent restrictions on 

the number of elements that could be used to represent the structures of interest. The 

first large 3D model of a femoral component hip replacement was presented by 

Rohlmann et al. in 1983 and showed stresses in the bone cement and prosthesis due to 

muscle and joint reaction forces [98]. Since this first model several different aspects 

of implants have been investigated for their effects on the stresses within the bone-

cement-prosthesis system, for example, the effect of different shaped collars and the 

size of the prosthesis. [44]. Gross et al. showed how finite element analysis could be 

used to determine the effect of a hollow hip stem on stress shielding in the femur [36]. 

 

Inclusion of the effects of creep and other time-dependent processes have been further 

refinement to the models, as most early models assumed linear-elastic behaviour. Lu 

et al. demonstrated how such a model can be produced and used to predict the effects 

of visco-elastic behaviour of materials (in this case the cement) [68]. 
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3.4.1 Finite Element Modelling of Damage 

 

Since FEM became a viable option for the analysis of this type of problem, attempts 

have been made to model the fatigue of bone cement and ultimately the life of total 

joint replacements. Two fundamentally different approaches have emerged:- 

 

The first, mechanistic approach is that of fracture mechanics [11, 15, 74]. In this 

method, individual cracks through the material are modelled and crack growth paths 

and rates predicted directly. This method requires very detailed information about the 

behaviour of the crack through the material such as the effect of crack closure, pores 

and material defects and similar. 

 

The second method is to use a continuum damage mechanics approach [29, 40, 53]. In 

this method, individual cracks are not considered, only the effects of the presence of 

the cracks on the materials properties of the cement. It is a more empirical approach, 

usually relying on S-N data from experimental tests. Due to the simplicity of this 

method it is easy to evaluate global effects of different boundary conditions and 

cement conditions. 

 

Jeffers et al. have developed a damage accumulation model and have investigated the 

effects of porosity, residual stresses and stress relaxation on cement mantle fatigue 

failure. Using stochastic methods to determine pore distribution it was possible to 

investigate the effect of porosity on the failure rates of total hip replacements due to 

cement damage. The results show that porosity (especially in cases of high pore 

concentrations) has a deleterious effect on the cement mantle fatigue life, typically 

reducing predicted fatigue life by a factor of 10 (Figure 3-26, the four curves which 

include porosity have different, random initial porosity distributions)[51]. 
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Figure 3-26 - Comparison of damage accumulation predicted including porosity, creep and 
residual stress [51]. 

 

Cement residual stress effects were also modelled using a quasi-thermal technique. 

The model was cooled prior to loading and by choosing an appropriate thermal 

expansion coefficient for the cement the maximum stress experienced within the 

cement could be tuned to a desired level. Using an average residual stress of 9.6MPa, 

an increase in the damage accumulation rate of approximately 10 times was 

established. The effect of stress relaxation was to reduce the damage accumulation 

rate by gradually reducing the residual stress in the cement. The effects modelled 

agreed well with experimental in-vitro testing. 

 

3.4.2 Cement Polymerisation Modelling 

 

When modelling the cure of the cement several factors must be accounted for. The 

polymerisation rate is not only time dependent but also dependent upon temperature 

and degree of polymerisation. Polymerisation produces heat as well as volume 

changes. Any mathematical model employed must account for (or make reasonable 

A: porosity, creep and residual stress included 
B: creep and residual stress included 
C: creep included 
D: porosity, creep and residual stress all discounted 

A 

D    B    C 
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assumptions accounting for) all of these factors. Several models have been proposed 

[7, 12, 110]. Each of these models is capable of predicting instantaneous temperatures 

and degrees of cure. They do not however, include any method of calculating residual 

stress. 

 

The model published by Baliga et al. uses an experimentally determined function to 

describe the dependence of the polymerisation rate upon temperature and degree of 

polymerisation in order to predict polymerisation as a function of time. This method 

was also used by Starke [7, 110]. Both studies used a similar approach to generate 

temperature histories within curing cement mantles, although both used simplified 

geometries to represent the prosthesis-cement-bone systems under consideration. 

Figure 3-27 shows the 2-dimensional geometries used by Starke et al. (modelling the 

frontal plane) and Baliga et al. (modelling the transverse plane). Such geometrical 

simplifications may induce error when applied to in-vivo conditions. 

 

 

Figure 3-27 - Geometry used in finite element models of cement polymerisation adopted by (a) 

Starke et al. [110] and (b) Baliga et al. [7]. 

 

Borzacchiello et al. and Li et al. have published models which used an Arrhenius 

expression, which has a basis in chemical kinetics, to describe the dependence of 

polymerisation rate on temperature [12, 62]. Simplified geometries were also used 

(Figure 3-28). 
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Figure 3-28 - Geometry used in finite element models of cement polymerisation adopted by (a) Li 

et al. [62] and (b) Borzacchiello et al. reproduced from [12]. 

 

Stańczyk et al. have also used the Arrhenius relationship to model cement 

polymerisation [107]. The model was used in conjunction with complex cancellous 

bone geometry to show the temperature that would be expected within individual 

trabeculae and to investigate the potential for thermal bone necrosis within such 

complex geometries at the cement-bone interface. 

 

Thermal Material Properties During Polymerisation 

Since cure rate is not only dependent upon time but also temperature and degree of 

polymerisation, knowledge of the thermal properties of the materials in the model is 

critical to any attempt at modelling. Some material properties are simple to find in the 

literature and have consistent values, such as those for the implant materials. Even 

varying the implant material from cobalt-chrome to titanium only varies the thermal 

conductivity from ~16.5 [5] to ~22Wm-1K-1 [126]. 

 

For biological tissue (bone, in the present case) representative values are more 

difficult to establish, owing to great variation from patient to patient and with 

anatomical site. A thermal model requires values for the density, conductivity and 

specific heat capacity and these can be found from varying sources in the literature. 
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Clattenburg et al. examined the thermal properties of bovine cancellous bone and 

reported values of 2.1-2.3x103kgm-3 for density, 1.15-1.73x103Jkg-1K-1 for specific 

heat capacity and 0.39Wm-1K-1 for thermal conductivity [19]. 

 

Values for density vary greatly since some articles do not distinguish between relative 

density and specific density. The specific density of cancellous bone is generally 

taken to be the same or very close to that of cortical bone. The relative density takes 

into account the porosity of cancellous bone and so is much lower. In general terms 

any bone with a relative density of less than 0.7x103kgm-3 is considered to be 

cancellous bone [31]. Relative densities as low as 0.05x103kgm-3 are found for human 

bone. 

 

Values for the conductivity of cancellous bone varied from 0.29-0.60Wm-1K-1 [13, 33, 

112]. 

 

The reported values of the thermal properties of cortical bone are much more 

consistent than those for cancellous bone, presumably because of smaller variation in 

the density of cortical bone. Density has been reported to vary between 1.86-

2.9x103kgm-3 [41, 55, 69, 102]. Both Henschel and Lundskog reported the same value 

for the specific heat capacity of cortical bone; 1.26x103Jkg-1K-1. Thermal conductivity 

of cortical bone has been reported by several authors [17, 69, 116]. Vachon et al. used 

bovine bone and Lundskog various other mammals. Only Chato has reported a value 

for human bone, 0.38Wm-1K-1. 

 

Since bone cement is a commercially available material it is a lot simpler to define its 

thermal properties though these properties may be different before and during 

polymerisation. Baliga et al. quoted figures of the specific heat capacity, density and 

thermal conductivity of 1.25x103 + 6.5T J/kg ºC (where T is specified in ºC), 1.1x103 

kg/m3 and 0.2W/m ºC respectively [7]. 

 

3.4.3 Residual stress prediction 

Although the evidence presented in section 3.3.2 suggests that residual stress 

potentially has a large, deleterious effect on the life of a THA [100], few authors have 
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achieved a satisfactory computational method for predicting the stress field within the 

cement mantle due to polymerisation of bone cement. 

 

Nuno et al. used FEM to model a bone-cement-prosthesis system [88]. The stem was 

inserted into the cement mantle with a “press fit” (i.e. the stem was slightly larger 

than the cavity into which it was inserted). This method produced a residual stress 

field but does not take into account variations in polymerisation conditions within the 

cement mantle. 

 

In order to predict the residual stress field it is necessary to relate the volumetric 

change to the degree of polymerisation. This is a complex process as the cement is 

thought to shrink at the same time as it heats up due to the exothermic polymerisation 

reaction. This heat causes an expansion due to thermal expansion coefficients. The 

volumetric change due to polymerisation must be coupled with mechanical property 

development and the thermal volumetric change, as the relative timing of the three 

separate events will have a great bearing on the residual stress field generated. If the 

polymerisation shrinkage happens when the properties of the cement are close to the 

initial fluid state then there will be little residual stress generation. If the 

polymerisation shrinkage happens when the cement is heating up, it may be masked 

by the thermal expansion of the cement. 

 

Some attempts to measure and model the relative timing of these processes have been 

made. Lennon et al. produced a model using Ansys™ based on functions published 

by Baliga et al. and Starke et al., which generated a temperature profile during cure in 

a simplified hip replacement geometry [7, 59, 110]. The model used an assumption of 

stress locking at differing moments during polymerisation and then the residual stress 

generated due to thermal contraction after this point was calculated. This, however, 

does not explicitly account for the shrinkage due to polymerisation. The model was 

validated using a geometrically identical physical model. After full polymerisation 

this physical model exhibited pre-load cracks formed in the cement mantle due to 

shrinkage during polymerisation (Figure 3-23). The model used in this study is highly 

sensitive to the timing of stress locking, which was hypothesised as a single instant 

and assumed to occur at the same instant in all elements. 
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Li et al. used finite element modelling techniques to predict residual stresses in 

cement mantles [63]. A model based on an Arrhenius equation was used to predict the 

polymerisation as a function of time. Again complete stress locking was assumed to 

occur at one moment, at the point of maximum temperature. From this point the entire 

cement mantle began to cool to ambient temperature. During the period of cooling a 

thermal contraction led to net shrinkage of the cement. Two different stem 

temperatures were examined; one at ambient initial temperature and one at 45ºC 

initial temperature. The residual stresses in the cement were compared in the hoop, 

radial and longitudinal directions. The stresses seen were consistently ranked with the 

radial stress being the lowest and the hoop stress being the highest with the 

longitudinal stresses somewhere in the middle. Changing the initial stem temperature 

to 45ºC caused the peak stress to move away from the cement-implant interface. 

 

Stress locking is a simplification employed by many models. This method assumes 

that there is one instant during the polymerisation at which a complete transition from 

a Newtonian fluid to an elastic solid is experienced within the material. This will 

therefore mean that there is no ability for the material to transfer load prior to 

transition and that immediately after transition any mechanical change will result in 

stresses being developed. 

 

Stress locking assumes an instantaneous change in the mechanical properties of bone 

cement from a fluid to a solid. In reality this will take a finite amount of time however 

and so to state that there is one instant when the material changes from fluid to solid is 

something of a simplification. The peak temperature will occur before polymerisation 

is complete and so there must be some time during which the material is not in its 

fully solid final state where some thermal shrinkage is taking place. Also, there must 

be some time before the peak temperature when the material is stiff enough to transfer 

some load as the volume changes. These effects should be investigated and accounted 

for in any future modelling of residual stress generation during polymerisation of 

acrylic bone cement. 

 

No papers could be found in the literature that reported the temperature as well as the 

viscosity parameters during polymerisation. This may be because rheometers 
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generally run isothermally to eliminate any effect on the viscosity due to a change in 

temperature. 
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3.5 Literature Review Summary 

• More than 75% of total hip arthroplasty revision operations are as a result of 

aseptic loosening. 

• Mechanical failure of the cement is one of the most common causes of aseptic 

loosening, observed in many ex vivo total hip cement mantles. 

• Damage accumulation is a result of fatigue loading of the cement mantle and 

the rate of damage accumulation is increased by residual stress. 

• Residual stresses within the implanted cement mantle are a result of the 

dynamic nature of the curing process including mechanical property evolution 

and volume changes as well as evolved heat. 

• Residual stress prediction has not yet been adequately addressed in the 

published literature. 

• No authors have shown a method of residual stress prediction that accounts for 

all dynamic aspects of polymerisation in order to generate a model of the 

residual stress fields in the fully cured cement mantle. 
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4 Thermal Modelling of Bone Cement Cure 
 

4.1 Introduction 

 

Polymerisation of bone cement results in the generation of heat. In this chapter, the 

development and validation of finite element models to enable prediction of heat 

generation and the progress of the polymerisation reaction are described. 

 

The polymerisation of bone cement was modelled for four separate situations. A 

concentric cylinders model was initially examined in order to enable comparison with 

models published by Baliga et al. and Borzacchiello et al. [7, 12]. A more realistic 

idealised hip stem model was then created to further develop the finite element 

modelling technique and to perform a sensitivity analysis, in which the model 

parameters important in determining the fidelity of the model predictions was 

determined. A set of validation experiments was also performed based on this 

idealised hip stem geometry. Using the same polymerisation model, temperatures 

generated when different thicknesses of cement were used to implant a resurfacing hip 

prosthesis were investigated. The model was also used to estimate bone necrosis 

following implantation of the tibial component of a total knee replacement. The four 

model geometries are shown in Figure 4-1. 

 

By modelling polymerisation for every element in the finite element models it was 

possible to observe the cure process noting any gradient in the cure and also peaks in 

the bone-cement interface temperature. 

 

Bone has been reported to begin to die if held above a temperature of 50°C for more 

than approximately 1 minute [7]. Other authors have developed methods by which the 

likelihood of thermal necrosis can be predicted using the concept of a necrosis index. 

The necrosis index includes the effects of both time and temperature and can be 

calculated from the temperature history in each element. It indicates the level of 
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damage that an element has incurred due to heat evolved by the polymerisation 

reaction [82]. 

 

 

Figure 4-1 - Model geometries used in different chapters of the present work: a) Concentric 

cylinders, b) Idealised stem, c) Femoral head resurfacing, d)Tibial component of TKR 
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4.2 Polymerisation Model 

 

The polymerisation model is common to all the finite element models, but each has a 

different set of boundary conditions, initial conditions, geometry and/or mathematical 

model describing the reaction rate as a function of temperature. 

 

The polymerisation model makes it possible to calculate, using one of two separate 

methods (detailed later in this chapter), the polymerisation rate at any instant based on 

the current and local temperature and degree of polymerisation. From this rate of 

polymerisation a rate of heat release can be established and used to calculate the new 

temperature at some later time.  

 

For a uniform element of polymerising cement with current temperature T0 and 

current degree of polymerisation (α0), the instantaneous heat generation rate S is 

given by the equation 

 

( ) ( ) mn
TfS

000
1 !!"#=         4-1 

 

where n and m are independent rate constants. α0 must be greater than 0 for 

polymerisation to begin and so is set to 1x10-6 at the beginning of polymerisation. The 

heat generation rate can then be assumed constant over a small time interval (t) and 

can be substituted into the standard equations of heat transfer [92] to calculate the 

temperature T1 after time interval t. A new degree of polymerisation can then be 

calculated using equation 4-2; 

 

totQ

Q
1

1
=!           4-2 
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where Q1 is the amount of heat liberated per unit volume during interval t. The total 

amount of heat per unit volume liberated during the entire reaction is designated Qtot, 

which is measured using Differential Scanning Calorimetry. 

 

The new, calculated values of α and T are then used to generate heat generation and 

polymerisation rates for the next time step and the model runs in a continuous loop, 

summarised in Figure 4-2. 

 

The time interval (t) between each step in the model is allowed to vary and is 

calculated based on a maximum allowable change in the degree of polymerisation 

(0.025) between steps. By varying the time step it is possible to capture rapid changes 

in polymerisation rate but also to use large time intervals when polymerisation is 

proceeding slowly or has nearly completed, giving better computational efficiency. 

The time interval t was calculated as inversely proportional to the heat generation rate, 

subject to a maximum value of 25s. Each model was allowed to run for 2000s after 

which polymerisation was considered complete. In reality, residual monomer may 

remain in the cement after this time – the residual monomer was assumed to be a 

small fraction of the amount present at the start of reaction and to not contribute to 

heat generation. This assumption is reasonable as the amount of heat liberated and the 

material property change caused by any subsequent polymerisation of residual 

monomer will be insignificant. 
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Figure 4-2 - Flow chart describing method of thermal computational modelling. 
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4.3 Concentric Cylinders Model 

 

4.3.1 Method 

In order to assess the feasibility of implementation of the polymerisation model within 

the Ansys™ environment a finite element model was created based on experiments 

carried out by Baliga et al. [7]. The model consisted of two concentric copper 

cylinders containing a layer of bone cement. The inner surface of the inner cylinder 

was assumed to be adiabatic (no heat could flow across the surface). The external 

surface of the cylinders was considered to be at a constant temperature of 37˚C. 

 

The thermal materials properties of copper were not given in Baliga et al.’s paper and 

so were found in alternative literature [4]. All other model conditions remained 

identical to those used by Baliga et al. The model was experimentally validated by 

Baliga and so it was possible to make a direct comparison between the models. One 

quarter of the cylinders was modelled and edges along the x & y-axis were considered 

adiabatic to model symmetry. The geometry of this model is given in Appendix I – 

Model Drawings and Dimensions. 

 

The geometry was planar and so quadrilateral elements were used with a fine mesh in 

the cement and a relatively coarse mesh on the copper cylinders as the cement 

temperature was of main concern (Figure 4-3). 
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Figure 4-3 - Quadrilateral mesh of concentric cylinders model 

 

The heat generation rate at each time step was calculated using equation 4-3; 
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where an are polynomial coefficients determined experimentally using differential 

scanning calorimetry. In this study the parameter values published by Baliga were 

used and are shown in Table 4-1. 

 

a0=-23.89 a1=296.74 a2=-1352.97 

a3=2894.76 a4=-2806.62 a5=1009.84 

Table 4-1 - Model parameters from Baliga et al. [7]. 
 

4.3.2 Results and Discussion 

 

The model was run in three different conditions. The first model was run with thermal 

properties identical to those set out by Baliga et al. [7]. This model produced peak 

temperatures greater than those reported by Baliga (Figure 4-4), although the 
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polymerisation process ran at a similar rate, producing complete polymerisation 

across the entire cement mantle after approximately 600s (Figure 4-5). 

 

 

Figure 4-4 - Temperature history across cement mantle in the radial direction. 

 

 

Figure 4-5 - Polymerisation history across cement mantle in the radial direction. 
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Given the discrepancy between the published and calculated results a sensitivity study 

was performed in which some of the model parameters were altered to establish 

which parameters the value of the peak temperatures was most sensitive. 

 

 

Figure 4-6 - Temperature history of Baliga model with low conductivity (0.14W/m-˚C). 

 

A range of values for both the cement conductivity and the total amount of heat 

liberated were given by Baliga et al. In the present study, the cement conductivity, k, 

was varied between 0.14W/m-˚C and 0.2W/m-˚C. By reducing the conductivity of the 

cement, it was found that the peak temperature increased by a small amount (Figure 

4-6). By reducing the total heat liberated, Qtot, from 1.55x108J/m3 to 1.4x108J/m3 the 

peak temperature was reduced by approx 11ºC (Figure 4-7). 
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Figure 4-7 -Temperature history of Baliga model with low total heat liberated (1.4x108J/m3). 

 

Baliga found a peak temperature of no more than 65˚C. The lowest peak temperature 

that the current model produced was approximately 80˚C. This is an unacceptable 

difference and the reason for it could not be identified. The model was investigated 

and compared with alternative mathematical models of cure found in the literature. 

Eventually, the Baliga model was abandoned in favour of one presented by 

Borzacchiello et al. [12]. This model also has the advantage of not needing the 

definition of so many experimentally determined parameters. It was also decided that 

the geometry of the current model was too abstract and not sufficiently clinically 

relevant. An idealised prosthesis-cement-bone model for the hip was therefore 

developed and is discussed in the following section. 

 

4.3.3 Conclusions 

 

The simple geometry and well characterised boundary conditions of the concentric 

cylinders model allows rapid analysis of variations to the model conditions and 

provides a good platform for model development. 
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There are unexplained discrepancies between the results calculated in this study and 

those published by Baliga. 

 

The fitting of a polynomial to DSC data to generate the function describing heat 

generation rate as a function of temperature may not be the most accurate or 

straightforward method. The polynomial contains coefficients with no physical or 

chemical interpretation. 
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4.4 Idealised Stem Model 

 

4.4.1 Introduction 

 

It is useful to observe the cure process in a 3-dimensional geometry as this allows us 

to investigate the effect of more geometry effects such as adding a taper and 

misalignment of the stem. However, in order to enable a simple method of validation 

and to keep computational costs low, it is necessary to keep geometric and material 

property models simple. A concentric cylinders model with a tapered section was 

generated and investigated in order to better approximate a femoral hip replacement 

component within a femur. Using this model the sensitivity of the results to various 

model parameters and inaccuracies that might be encountered in surgery was 

examined. 

 

4.4.2 Method 

 

The geometric model consisted of a simplified bone-cement-prosthesis system. The 

stem consisted of a 30mm cylindrical section of diameter 18mm proximally, with a 

110mm tapered distal section. The distal section was tapered to a tip diameter of 

9mm. The cement formed a 2mm thick layer around this distal section. A layer of 

cortical bone 5 mm thick surrounded the cement with a section of cortical bone 

protruding 30mm distal to the tip of the stem. Drawings are shown in Appendix I – 

Model Drawings and Dimensions. These dimensions correspond to those of an 

existing fatigue model, which it is intended will accept as an input the residual tensile 

stress in the cement mantle output by the present model. Due to symmetry only 180˚ 

of the model was created. 
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Figure 4-8 - Hexahedral mesh of idealised hip stem model. 

 

The geometric model was meshed using hexahedral finite elements. The mesh across 

the cement was increased in density compared with the bone and prosthesis. There 

were 10 elements across the cement mantle and 3 across the bone and stem in the 

radial direction (Figure 4-8). There were 15 elements in the distal-proximal direction 

between the stem shoulder and the distal tip, five in the distal bone projection and four 

elements in the stem neck. 

 

The algorithm simulating the effects of polymerisation ran as previously described 

(Chapter 4.2), with the exception that the function describing the dependence of the 

heat generation rate on temperature was modified to be; 

 

( ) RT
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Materials properties and other constants required to specify the model were as shown 

in Table 4-2. 
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Variable Value 

Thermal Conductivity of Bone [17] 0.38 W/m-K 

Specific Heat Capacity of Bone [17] 1260 J/kg-K 

Density of Bone [41] 2100 kg/m3 

Thermal Conductivity of Stem [4] 14.6 W/m-K 

Specific Heat Capacity of Stem [4] 450 J/kg-K 

Density of Stem [4] 8870 kg/m3 

Thermal Conductivity of Cement [7] 0.2 W/m-K 

Specific Heat Capacity of Cement [7] 6.5*(Temp in Centigrade)+1250 J/kg-K 

Density of Cement [7] 1100 kg/m3 

Polymerisation Activation Energy, Ea [12] 31285.582 kJ/kg 

Reaction Rate Coefficient, K0 [12] 9.1574 

Reaction Rate Power, m [12] 0.98 

Reaction Rate Power, n [12] 1.064 

Total Heat Liberated, Qtot [7] 1.55x108 J/m3 

Initial Stem Temperature 296 K 

Initial Cement Temperature 296 K 

Body Temperature 310 K 

Table 4-2 - Input variables for idealised hip stem model 

 

Certain variables, which it may be possible to control either clinically or during 

manufacture of the cement, were altered about these central values in order to observe 

the effect each one has on the peak temperature and the cure rate profile. These 

variables were the activation energy of the polymerisation reaction, the reaction rate 

constants (K0, m and n), the total amount of heat liberated by the cement and the 

initial temperature of the stem. The Ansys™ log file used to generate the standard 

model is provided in Appendix II – Finite Element Modelling and Results Processing 

Codes. 

 

Effects due to cooling produced by fluid flow through the bone were ignored in order 

to allow experimental validation. This effect may be significant in-vivo . 
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4.4.3 Results and Discussion 

 

Results were recorded and plotted for 12 nodes in the cement mantle. Graphs of the 

cement-bone interface temperature were drawn up and compared. Also the nodal 

degree of polymerisation was plotted for each time step as a contour map. 

 

Standard Test 

With the standard set of parameters as shown in Table 4-2, the results showed a 

higher peak temperature than would be expected in-vitro (typically around 40-50˚C) 

[7]. The peak temperature in the distal region reached 66˚C (339K) which was the 

highest temperature seen throughout the cement mantle (Figure 4-10). This may be 

due to the thinner stem section at the distal tip and so less stem volume to act as a heat 

sink. The reaction was complete in all areas after 500s (8min20sec), which is 

comparable to that seen in-vitro (Figure 4-9). The cement experienced a greater rate 

of polymerisation distally and cure proceeded from distal to proximal (Figure 4-11). 

This cure gradient may cause local increases in residual stress or residual stress 

gradients in the fully polymerised mantle. 
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Figure 4-9 - Polymerisation curves for standard model. 

 

 

 

Figure 4-10 - Temperature profiles for standard model. 
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Figure 4-11 - Degree of polymerisation during cure of standard model at the time when the node 

at the radial and longitudinal centre of the mantle reaches a degree of polymerisation of 0.5. 

 

Contact Analysis 

Huiskes et al. stated that at a boundary between two materials (in this case the 

cement-bone or cement-stem interfaces), the surfaces of the two materials will not 

necessarily be at the same temperature [43]. There is a heat flow resistance related to 

the temperature drop over the interface and an interface conductivity value specific to 

the materials involved. 

 

In order to more accurately represent the behaviour of the interfaces in the present 

model, contact conditions between cement and stem were introduced. The model 

mesh was refined in the longitudinal direction to better allow for local temperature 

and polymerisation gradients. The interface at the stem-cement interface was 

debonded and re-linked using thermal contact with an interface conductivity of 

5500W/m2K [43]. This gave a spread of cement temperatures as shown in Figure 4-13 

and polymerisation curve spread shown in Figure 4-12. In a second series of analyses, 



Chapter 4 - Thermal Modelling of Bone Cement Cure 

 73 

the cement-bone interface was also considered debonded. The interface conductivity 

in this case was 375W/m2K [43]. The addition of this heat resistance had a large effect 

at the cooler end of the stem reducing peak temperatures by approximately a further 

5°C as can be seen in Figure 4-15. Polymerisation curves are shown in Figure 4-14. 

 

 

Figure 4-12 - Polymerisation curves from a model with just the stem-cement interface modelled 

as debonded. 
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Figure 4-13 - Temperature curves from a model with just the stem cement interface modelled as 

debonded. 

 

 

Figure 4-14 - Polymerisation curves for model with both stem-cement and cement-bone 

interfaces modelled as debonded. 
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Figure 4-15 - Temperature curves for model with both stem-cement and cement-bone interfaces 

modelled as debonded. 

 

The effects of the addition of contact resistances to the implanted stem model are 

summarised in Figure 4-16 and Figure 4-17. Figure 4-16 shows that modelling contact 

causes a small decrease in the rate of polymerisation, but Figure 4-17 shows a 

significant drop in the average temperature. 
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Figure 4-16 - Comparison of average degree of polymerisation curves from models with perfectly 

conductive (bonded) interfaces, stem-cement interface contact resistance and stem-cement & 

cement-bone interface contact resistances. 

 

 

 

Figure 4-17 - Comparison of average temperatures from models with contact, stem-cement 

interface contact and stem-cement & cement-bone contact modelled. 
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Mesh Convergence of Thermal model 

To investigate the effects of mesh density five models with increasing numbers of 

elements through the cement mantle thickness were compared. Beginning with a 

single element through the thickness, the mesh density was successively increased to 

two, three, five and seven elements. Temperature was recorded at four locations in the 

cement mantle - locations 1 and 2 were at the centre of the cement in the radial 

direction and at, respectively 1/3 and 2/3 of the extent of the cement in the proximal 

to distal direction. Where there was no node on the centre line an average was taken 

using the two adjacent nodes. The third and fourth locations were half way along the 

length of the cement in the proximal to distal direction, on the cement-bone (3) and 

stem-cement (4) interfaces. 

 

 

Figure 4-18 - Location of nodes taken for mesh convergence results analysis. 

 

Results at all four locations were plotted for each model for each mesh density (Figure 

4-19 - Figure 4-23). 
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Figure 4-19 – Results with one element through cement thickness. 

 

 

 

Figure 4-20 - Results with two elements through cement thickness. 
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Figure 4-21 - Results with three elements through cement thickness. 

 

 

 

Figure 4-22 - Results with five elements through cement thickness. 
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Figure 4-23 - Results with seven elements through cement thickness. 

 

Temperature at the distal point was most sensitive to mesh density, and relatively 

greater mesh density was required at this point before convergence was achieved. 

Temperature at the distal point for the various mesh densities is shown in Figure 4-24. 

 

From Figure 4-24 it can be seen that three elements across the cement mantle 

thickness are sufficient to eliminate uncertainty in cement temperatures due to mesh 

density. Increasing mesh density further does not produce a significantly greater 

accuracy. With two elements across the cement mantle, temperatures differed from 

those produced using higher mesh densities by more than they did in the case of a 

single element. This may be because there were no nodes exactly on the centre line in 

any other model, where results for the centre line were determined by averaging 

between adjacent nodes. For an even number of elements the results were taken 

directly from the centre line node. 
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Figure 4-24 - Distal node temperature with different density of elements through thickness, 

summarising Figure 4-19 - Figure 4-23 for just the distal node enabling quick mesh convergence 

review. 

 

Chemical Parameter Sensitivity Analysis 

A sensitivity analysis was performed to determine the importance of measurement 

accuracy in each cure model variable. The model was run 20 times with 1 variable 

altered independently in each model. High and low values for each variable were 

calculated as 10% from the nominal value found in the literature and extreme high 

and low values were taken as 25% from the nominal (Table 4-3). 

 
Parameter Very Low Low Nominal High Very High 

Ea 23464 28157 31285 34414 39106 

K0 7113 8535 9484 10432 11855 

m 0.735 0.882 0.98 1.078 1.225 

n 0.798 0.9576 1.064 1.1704 1.33 

Qtot 1.1625x108 1.395x108 1.55x108 1.705x108 1.9375x108 

Table 4-3 - Sensitivity analysis parameter variation 

 



Chapter 4 - Thermal Modelling of Bone Cement Cure 

 82 

The results for each model were calculated at the same six nodes (picked in pairs of 

nodes at 1/4, 1/2, and 3/4 in the longitudinal direction with each pair having one node 

at 1/3 and another at 2/3 of the thickness in the radial direction) and averaged to allow 

for any local effects. 

Effect of Activation Energy 

 

Figure 4-25 - Change in temperature profiles during cure as a result of variation in activation 

energy. 
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Figure 4-26 - Change in degree of polymerisation during cure as a result of variation in 

activation energy. 

 

Activation energy had a strong effect on both the degree of polymerisation curve and 

on the peak temperature (Figure 4-25 and Figure 4-26). By reducing the activation 

energy, the point of maximum rate of polymerisation occurred earlier and also the rate 

of polymerisation was increased. This had the effect of increasing the peak 

temperature significantly. Reducing the activation energy by 25% increased peak 

temperature by approximately 51°. Increasing the activation energy by 25% meant the 

reaction was so slow that no polymerisation noticeable on this scale had occurred 

after 2000s - after 2000s. The maximum degree of polymerisation throughout the 

cement mantle was approximately 0.002. This also meant that there was no increase 

in the temperature other than baseline warming from room to body temperature. For a 

10% increase in the activation energy, a 6º reduction in peak temperature occurred. 

The time at which maximum polymerisation rate occurred increased from 340s to 

910s. 
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Effect of Rate Constant 
By reducing the constant K0 by 25% the point at which the polymerisation rate was at 

its maximum was delayed from 320s to 420s (Figure 4-28). This effect is small 

compared to that caused by altering the activation energy. The peak temperature 

produced by a 25% reduction in K0 was just 2° lower than in the standard model 

(Figure 4-27). A 10% reduction produced a 1° reduction in peak temperature. This 

shows that the effect of reducing K0 on the peak temperature is non-linear. Increasing 

K0 by 25% increased the peak temperature by 2° and caused the point at which the 

polymerisation rate was at its maximum to occur approximately 50s earlier than in the 

standard model. 

 

 

Figure 4-27 - Change in temperature profiles during cure as a result of varying K0. 
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Figure 4-28 - Change in degree of polymerisation during cure as a result of varying K0. 

 

 

A 50% increase or decrease in K0 produced a 4° increase or decrease respectively in 

the peak temperature. This is again small compared to the changes observed as a 

result of changing the activation energy. 

Effect of Rate Parameters 
A reduction in the rate parameter m caused polymerisation to occur earlier, and an 

increase caused polymerisation to occur later (Figure 4-30). The magnitude of the 

polymerisation rate decreased as m increased. The point of maximum polymerisation 

rate occurred at 130s when m was reduced by 25%. A change in m of 50% caused the 

point at which the polymerisation rate is a maximum to shift by 1300s. The peak 

temperature changed very little throughout the 50% range of m tested (Figure 4-29).  
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Figure 4-29 - Change in temperature profiles during cure as a result of different m input. 

 

 

 

Figure 4-30 - Change in degree of polymerisation during cure as a result of different m input. 
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Figure 4-31 - Change in temperature profiles during cure as a result of different n input. 

 

 

 

Figure 4-32 - Change in degree of polymerisation during cure as a result of different n input. 
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The value of n had a small effect on the polymerisation rate. While the gradient of the 

polymerisation curve changed slightly, the time at which the rate of polymerisation 

was at a maximum was almost independent of n (Figure 4-32). 

 

The effect of n upon the peak temperature was minimal (Figure 4-31). There was a 

small reduction in peak temperature with a large value of n as the polymerisation rate 

was reduced. 

Effect of Total Heat of Reaction 
Qtot denotes the total amount of heat that is liberated throughout the polymerisation 

process. An increase in Qtot produced an increase in the peak temperature (Figure 

4-33). A 25% increase in Qtot produced a 6° increase in peak temperature. For a 25% 

decrease in Qtot there was a 5° reduction in the peak temperature. The relationship 

between peak temperature and Qtot was approximately linear. Although there was no 

effect on the timing of the polymerisation period due to changes in Qtot (Figure 4-34), 

a higher cure rate resulted from an increase in Qtot. 

 

 

Figure 4-33 - Change in temperature profiles during cure as a result of different Qtot input. 
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Figure 4-34 - Change in degree of polymerisation during cure as a result of different Qtot input. 

 

 

Summary of Sensitivity Analysis 

• Activation energy has a large effect on both polymerisation rate and peak 

temperature. 

• Activation energy has an inverse relationship with the peak temperature and 

the rate of polymerisation. 

• A reduction in K0 produced a small reduction in the peak temperature and 

polymerisation rate. 

• Reaction rate parameter m had a large effect on the polymerisation timing but 

little effect on the temperature. 

• The polymerisation rate decreased a large amount with a decrease in m but did 

not increase an equal amount with an increase in m. 

• The reaction rate parameter n had little effect on the peak temperature or the 

polymerisation rate. 

• Variation in Qtot yielded changes in peak temperature without much change in 

polymerisation rate. 



Chapter 4 - Thermal Modelling of Bone Cement Cure 

 90 

• The model was most sensitive to the activation energy and so this parameter 

must be accurately determined experimentally. 

• No parameter altered the cure gradient from distal to proximal. 

• Activation energy (Ea) is the most critical parameter. 

 

Effect of Initial Stem Temperature 

As one of the only variables that the surgeon may have any control over in an 

operating theatre, the initial temperature of the stem was varied between realistic 

limits in this series of analyses. An upper bound of 50˚C was set, as the surgeon 

would find it difficult to handle a stem hotter than this temperature. A lower bound of 

5˚C was set, as below this temperature the stem would tend to collect condensation 

from the atmosphere prior to insertion. These were compared to the room temperature 

model. 

 

Temperature plots during polymerisation for the three initial stem temperatures are 

shown in Figure 4-35. The temperature curves shown are averaged over 6 nodes in the 

cement mantle, located in three pairs (one proximal, one middle and one distal) with 

one node at 1/3 and the other at 2/3 through the thickness for each pair. Contour plots 

of the degree of polymerisation when a node located at the centre of the cement 

mantle in the radial and longitudinal directions reached 0.5 are shown in Figure 4-36. 
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Figure 4-35 - Temperatures during cure using different initial stem temperatures. 

 

 

Figure 4-36 – Degree of polymerisation profiles for low, room and high temperature stem models 
taken at time when a node in the centre of the cement mantle is at 0.5 degree of polymerisation. 
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As would be expected the polymerisation rate increased with an increase in initial 

stem temperature and so too the peak temperature. However, the cure direction from 

distal to proximal observed in previous analyses had almost completely reversed. In 

all other models the distal section was first and the proximal last to polymerise (this 

effect being most exaggerated at low stem temperatures). This may be because the 

stem is acting as a heat sink and because of the taper there is more material for heat 

dissipation into the stem in the proximal region, which in turn slows the reaction 

there. When the stem is heated the opposite effect becomes apparent with the 

proximal region of the stem transferring more heat to the surrounding cement and so 

with a hot stem the proximal cement mantle polymerises first (Figure 4-36). 

 

The model was used to optimise polymerisation in terms of the initial stem 

temperature in order to minimise the cure gradient. For a body temperature stem, very 

little cure gradient was observed in the distal-proximal direction (Figure 4-37). 

 

 

Figure 4-37 - Polymerisation profile for body temperature (37ºC) stem taken at a time when a 
node in the centre of the cement in the longitudinal and radial direction has reached a degree of 
polymerisation of 0.5. 
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Effect of Cement Thickness 

In the previous analyses, cement mantle thickness has been assumed to be 2mm. 

Thinner cement mantles have been reported to perform poorly in vivo [8]. Thicker 

cement mantles have been reported to evolve large amounts of heat which may cause 

bone necrosis [12]. In this section, the results of an investigation of the effect of 

cement mantle thickness on temperatures and polymerisation kinetics are presented. 

 

The standard idealised stem model was modified to incorporate a 5mm cement mantle 

to represent the thickest cement mantle likely to be generated in primary hip surgery 

(Figure 4-38). This increase in the cement mantle thickness is accommodated by 

increasing the bone dimensions such that 5mm of bone still surrounds the cement. 

 

 

Figure 4-38 - Geometry for model with 5mm cement mantle. 

 

Materials properties, boundary and initial conditions were set as described in Chapter 

4.2. 
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Figure 4-39 shows a comparison of the polymerisation curves in a model with a 5mm 

cement mantle with those produced by a 2mm cement mantle model. The cure 

gradients and rates of polymerisation are similar to those seen in the 2mm cement 

mantle model. 

 

For all models, cure began at the distal tip and progressed proximally (Figure 4-40). 

The 5mm cement mantle caused a cure gradient in the radial direction more severe 

than that in the proximal-distal direction. The radial cure gradient was such that the 

cement at the cement-bone interface completely cured before the cement at the stem 

interface had begun to polymerise. This gradient was caused by the difference in the 

initial temperatures of the bone and stem. The additional heat at the warm cement-

bone interface provides sufficient energy for the polymerisation process to take place 

rapidly. This effect is not seen in the 2mm model as heat can travel through the 

cement to the stem more easily. 

 

 

Figure 4-39 - Polymerisation curves for model with 5mm cement mantle and 2mm cement 

mantle. 
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Figure 4-40 - Degree of polymerisation for model with 5mm cement mantle taken at the time 

when a node in the centre of the cement in the longitudinal and radial direction has reached a 

degree of polymerisation of 0.5. 

 

The rapid cure at the bone-cement interface caused a higher peak temperature to be 

seen on this side of the cement mantle than at the stem interface (Figure 4-41). Also 

the greater bulk of cement increased the amount of heat liberated during the 

polymerisation process for the entire mantle. This additional heat caused an increase 

in peak temperature of approximately 9° when compared to a 2mm cement mantle. 
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Figure 4-41 - Differences in temperatures at the interfaces during cure of a 5mm cement mantle. 

 

 

 

Figure 4-42 - Temperature profiles for model with 5mm cement mantle and 2mm cement mantle. 
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Effect of Stem Misalignment 

Many clinical cases of stem misalignment (either in varus or valgus) have been 

reported [86]. A model was generated to investigate the effect that this may have on 

the cure gradient and the temperatures produced during cure. 

 

The model described in Chapter 4.4- Idealised Stem Model was used with the stem 

rotated 1° anti-clockwise (Figure 4-43). Although this is smaller than some extreme 

misalignments that have been reported clinically, it was the largest possible in the 

present model if a 2 mm cement mantle and acceptable mesh quality were to be 

maintained. The stem was rotated about the mid-point along the length of the tapered 

section. 

 

 

Figure 4-43 - Idealised stem model with 1 degree of misalignment. 

 

Material properties, boundary and initial conditions were set as described in Chapter 

4.4 - Idealised Stem Model, the initial stem temperature was set at 23°C. 

 



Chapter 4 - Thermal Modelling of Bone Cement Cure 

 98 

Figure 4-44 shows a contour plot of the degree of polymerisation at a point when a 

node situated centrally in both the longitudinal and radial direction within the cement 

is at 0.5 degree of polymerisation and Figure 4-45 and Figure 4-46 temperatures along 

the left and right hand cement-bone interfaces respectively for an idealised stem with 

1 degree of misalignment. 

 

 

Figure 4-44 - Contour plot of the degree of polymerisation during cure of an idealised stem with 1 

degree of misalignment taken at the time when a node in the centre of the cement in the 

longitudinal and radial direction has reached a degree of polymerisation of 0.5. 
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Figure 4-45 - Temperature along bone-cement interface on left side of misalignment model. 

 

 

Figure 4-46 - Temperature along bone-cement interface on right side of misalignment model. 

 

On the left side of the model cure was most rapid in the distal section where cement 

was thickest. Polymerisation was complete at this location approximately 20s before 

the proximal section. The cure gradient, seen on the left side of the model shown in 
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Figure 4-44, was in the same direction as the standard model. The difference in timing 

of distal and proximal section polymerisation was increased with a thicker cement 

mantle distally. 

 

On the right hand side of the model the cement mantle became thin at the distal tip 

and thicker proximally. This change in geometry caused a complete reversal in the 

cure gradient. Where the cement was thicker a greater amount of heat evolved and so 

the polymerisation rate increased. The increase in proximal polymerisation rate was 

sufficient to overcome all effects of the taper geometry seen in the standard model. 

 

A plot of the temperature at different locations in the longitudinal direction shows that 

the distal section became hotter than the thinner, proximal section on the left side 

(Figure 4-45). This is to be expected, as heat evolved is a linear function of the 

volume. 
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4.5 Comparison of Idealised Stem Model with Experimental 

Results 

 

4.5.1 Introduction 

All finite element models require validation before results can be relied upon. To 

ensure all parameters fit in-vivo conditions validation of the temperature predictions 

of the idealised stem model was undertaken using an experimental rig. In vitro 

boundary conditions replicated the computational model. 

 

4.5.2 Methods 

The experimental model geometry was altered slightly from the original finite 

element model geometry (Chapter 4.4) in order to reduce manufacturing difficulties 

associated with the long tapered section. The new geometry is shown in Appendix I – 

Model Drawings and Dimensions. In order to prevent any cement distal to the stem, a 

plug was inserted at the distal end of the model. 

 

A new finite element model was generated to replicate this change in geometry. To 

replicate the boundary conditions applied to the finite element model, the femur was 

mounted in an environment chamber and sealed into a hole through the bottom using 

silicone sealant. During testing the environment chamber (Figure 4-47) was filled 

with water circulated from a constant temperature water bath held at 37°C. This water 

was pumped in through a pipe connected to the bottom of the tank and drained 

through an overflow, level with the top of the femur. The bath contained more than 50 

litres of water, ensuring that there was sufficient volume of water at the correct 

temperature to keep a constant temperature condition at the external surface of the 

femur. 
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Figure 4-47 - Experimental apparatus used for validation experimentation. 

 

The materials used in the manufacture of the experimental model were chosen such 

that their materials properties were consistent with the properties used in the finite 

element model. The stem was manufactured from stainless steel; the femur model was 

manufactured from Tufnol™ and the cement used was CMW1™. Tufnol™ has very 

similar thermal properties to cortical bone (Table 4-4). 

 

 Material 

Property Cortical Bone Tufnol™ 

Thermal Conductivity 0.38 W/mK 0.37 W/mK 

Specific Heat Capacity 1.26 kJ/kgK 1.5kJ/kgK 

Density 2100 kg/m3 1500 kg/m3 

Table 4-4 - Comparison table for properties of Tufnol(TM)  and Cortical bone. Values taken 

from Henschel et al. and Bay Plastics website [41, 95]. 

 

The bone model had six 1mm radial holes drilled at regular intervals in the 

longitudinal direction. A thermocouple was inserted into each of these holes and then 

connected to a National Instruments™ SC-2345 signal conditioning connector block. 

Thermocouples were inserted deep enough for the tip to protrude into the cement 

1mm. The signal conditioner was connected to a computer equipped with a National 

Instruments™ data acquisition card and Labview© data logging software. 
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CMW 1 bone cement (DePuy CMW Ltd) was vacuum mixed (Cemvac vacuum 

mixing system, DePuy CMW Ltd) in accordance with the manufacturers’ instructions 

and injected into the femur at 1min 30sec after first mixing. The stem was inserted at 

2min after first mixing at a constant rate of 200mm/min. Constant stem insertion 

velocity was ensured by performing the experiments in an Instron™ screw driven 

mechanical testing machine. By using the Instron™ mechanical testing rig 

centralisation was also improved as this proved to be very difficult to achieve over the 

length of stem by hand. 

 

The data logger was started at the same time as cement mixing. Data was recorded for 

45min. 

 

4.5.3 Results and Discussion 

Experimental results were plotted on temperature-time axes and compared to results 

produced by finite element modelling. Temperatures predicted by the finite element 

models were averaged through the width of the bone at each position, because it was 

not possible to resolve the temperature gradient through the thickness of the cement 

with the thermocouples used in the experimental tests. 

 

Figure 4-48 shows the results of experiments using standard conditions. The 

temperature rises correlated very well with finite element predictions. The ordering of 

the results as well as the peak temperature at the distal measurement matches well 

with the results produced by finite element modelling (Figure 4-48). The 

discrepancies prior to polymerisation are due to the thermocouples already being at 

37ºC due to being located in the body temperature Tufnol™ bone representation 

whereas the nodes in the model are initially at room temperature of 23ºC. 

Discrepancies after polymerisation may be due to differences in contact and boundary 

conditions assumed in the finite element model. 
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Figure 4-48 - Graph of temperatures produced from finite element simulation of experiment 
combined with temperatures measured during experimental validation. 
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4.6 Resurfacing Hip Arthroplasty Model 

 

4.6.1 Introduction and Objectives 

The femoral head resurfacing prosthesis is a component which may be cemented. 

Several authors have measured or predicted bone temperatures during cement 

polymerisation around conventional stems high enough to cause local bone cell death 

and structural damage to the bone matrix [7, 110]. It has also been proposed that these 

effects are responsible for or contribute to aseptic loosening of the prosthesis 

components [65]. 

 

In this study, finite element modelling techniques have been used to predict the 

thermal history of the prosthesis-cement-bone system during the cementation of a 

femoral head resurfacing prosthesis. The effects of the thickness of the cement layer 

on the thermal history were investigated and the likelihood of thermal necrosis of the 

bone was calculated. 

 

4.6.2 Methods 

The geometry of the femur used was generated using CT scan data and is made up of 

just one material, which was taken to be cortical bone, which has higher density and 

higher thermal conductivity than cancellous bone. The resurfacing component 

geometry, provided by DePuy International™ (ASR™ size 44) is shown together 

with the bone geometry in Figure 4-49. The internal surface of the component was 

offset radially to create the cement geometry. Cement thicknesses of 2 and 4mm were 

considered in this study. The resurfacing component was positioned on the femoral 

head to preserve the natural centre of rotation of the hip. The bone, cement and 

prosthesis were then meshed using first order tetrahedral elements and imported into 

the finite element software, Ansys™. 
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Figure 4-49 - Bone, cement and prosthesis geometry 

 

Materials properties for the regions of the model corresponding to bone were assigned 

using data from the literature [43]. The prosthesis was assumed to be manufactured 

from cobalt chromium alloy, and all materials were assumed homogeneous and 

isotropic. Material properties required for the specification of the model are shown in 

Table 4-5. 

 
Material Density (kgm-3) Specific Heat Capacity 

(Jkg-1K-1) 

Thermal conductivity 

(Wm-2K-1) 

Cortical Bone 2.1x103 1.26x103 0.38 

Prosthesis 8.87x103 0.45x103 14.6 

Bone Cement 1.1x103 6.5T + 1.25x103 * 0.2 

Table 4-5 - Materials Properties (T=Temperature) 

 

The temperature of the nodes on the whole of the external surface of the cortical bone 

was fixed at body temperature (37˚C, 310K) throughout the simulation. The initial 

temperature of the cement and prosthesis was room temperature (23°C, 296K) and the 

initial temperature of the bone component was body temperature. 
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Calculation of Necrosis Index 

Necrosis of the bone is a function of time and temperature. In this study, a “necrosis 

index” was calculated at each of three nodes on a line running from the cement-bone 

interface into the bone as shown in Figure 4-50 using the method of Revie et al. [97]. 

For each node and each time step in the analysis, a necrosis index increment was 

calculated by dividing the time step size by the time to thermal damage at temperature 

T, where T is the average temperature in the element over the time step. The time to 

thermal damage at temperature T was calculated using an exponential function fitted 

to the data of Moritz and Henriques [82]. In order to avoid problems with 

extrapolating beyond the range of temperatures for which Moritz and Henriques 

provide data, temperatures above 65°C were assumed to cause a necrosis index 

increment of 1 for the time step, and temperatures below 44°C, a necrosis index 

increment of 0. Finally, the necrosis index increments were summed to calculate the 

necrosis index, with total values at the end of the analysis greater than 1 indicative of 

thermal necrosis of the bone. 

 

 

Figure 4-50 - Nodes from which results were calculated 
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4.6.3 Results and Discussion 

Graphs of the temperature (Figure 4-51, Figure 4-52) and the degree of necrosis 

(Figure 4-53, Figure 4-54) at each of the three nodes are shown for both 2 and 4 mm 

cement mantle thicknesses 

 

 

Figure 4-51 - Temperature history in resurfaced femoral head with 2mm cement mantle. 
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Figure 4-52 - Temperature history in resurfaced femoral head with 4mm cement mantle. 

 

 

 

Figure 4-53 - Necrosis index in resurfaced femoral head with 2mm cement mantle. 

 

 



Chapter 4 - Thermal Modelling of Bone Cement Cure 

 110 

 

Figure 4-54 - Necrosis index in resurfaced femoral head with 4mm cement mantle. 

 

The temperature plots show that cement mantle thickness had a significant effect on 

the amount of heat generated during cure. Increasing the cement thickness introduced 

a zone of necrosis in the bone surrounding the cement. The thin cement mantle (2mm) 

generated a maximum temperature of 320K (47˚C), the thick cement mantle (4mm) 

produced a maximum temperature of 330K (57˚C). This 10˚ difference in temperature 

reduced the amount of time that it takes for bone necrosis to take place. It also meant 

that the bone experienced these elevated temperatures for an extended period. These 

two factors produced a necrosis depth of >2mm when a thick cement mantle was 

used. 
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4.7 Total Knee Replacement Model 

 

4.7.1 Introduction 

The objectives of this study were to investigate the effects on temperatures and the 

likelihood of thermal necrosis in the surrounding bone of different aspects of 

cementation of the tibial component of a generic total knee replacement prosthesis. 

Whether or not the stem of the component was cemented, the thickness of the cement 

layer (thicknesses of 1 and 4mm) and the size of the tray were varied giving a total of 

8 models. 

 

4.7.2 Methods 

The geometry of the bone was generated from CT scan data. The prosthesis and 

cement geometries were generated manually using dimensions typical for a total knee 

replacement tibial prosthesis. The geometries were meshed using 2nd order tetrahedral 

elements. All computational modelling was undertaken using Ansys™ v7.1. 

 

Each model is identified by a code. The number designates the cement thickness in 

mm; the first letter gives a yes (Y) or no (N) value, for whether or not there was 

cement along the length of the stem; the second letter shows whether the tibial tray 

was large (L) or small (S). For examples of this coding system refer to Figure 4-55. 
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Figure 4-55 - Two geometries used in the simulations; the first is a view of the posterior half of a 

1mm cement layer, no stem cement and small tray (1_N_S), the second shows the anterior half of 

a 4mm cement layer with stem cement and a large tray (4_Y_L). 

 

Each model consisted of five different material components; the cortical bone, the 

cancellous bone, the cement, the tibial tray and the polyethylene insert (Figure 4-55 

shows the individual material components in the models). Each of these materials was 

given properties as shown in Table 4-6. The temperature of the external surface of the 

bone was fixed at 37˚C (310K) throughout the simulation. The initial temperature of 

the cement, tray and insert was room temperature (296K) the initial temperature of the 

bone components was body temperature. The cement was given an initial degree of 

polymerisation of 6x10-6, as previously described this was necessary for the model to 

begin to polymerise at all. 

 

After each time step, a necrosis index for each element was calculated as described in 

section Calculation of Necrosis Index0. 

 
Material Material Property Value 

Density 1.1x103kgm-3 

Specific Heat Capacity 6.5T + 1.25x103Jkg-1K-1 

Cement 

Thermal Conductivity 0.2Wm-2K-1 

Density 8.870x103 kgm-3 

Specific Heat Capacity 0.450x103 Jkg-1K-1 

Tibial Tray 

Thermal Conductivity 14.6 Wm-2K-1 

Density 0.960x103 kgm-3 Insert 

Specific Heat Capacity 2.220x103 Jkg-1K-1 
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 Thermal Conductivity 0.29 Wm-2K-1 

Density 2.3x103 kgm-3 

Specific Heat Capacity 1.3x103 Jkg-1K-1 

Cortical Bone 

Thermal Conductivity 0.4 Wm-2K-1 

Density 2.1x103 kgm-3 

Specific Heat Capacity 1.26x103 Jkg-1K-1 

Cancellous Bone 

Thermal Conductivity 0.38 Wm-2K-1 

Table 4-6 - Materials Properties (T=Temperature). 

 

Each simulation was allowed to run for 2000s. This ensured that all polymerisation 

was complete. Contour plots of the degree of necrosis in the cancellous and cortical 

bone were produced at the end of each simulation.  

 

4.7.3 Results and Discussion 

Necrosis index contours are shown in Figure 4-56. In this plot the degree of bone 

necrosis is plotted over a section through the tibia. The predominant colour blue 

represents bone with no necrosis, the red shows the boundary between the non-

necrotic and necrotic regions, which are shown in grey. The grey areas represent areas 

where the bone has reached or exceeded a necrosis index of 1. 

 

From Figure 4-56 it can be seen that different cement geometries produced differing 

amounts of bone necrosis after polymerisation is complete. By increasing the cement 

thickness the amount of necrosis in the cancellous bone increased dramatically. When 

no cement was positioned along the length of the stem and a 1mm cement layer was 

used there was no bone necrosis predicted. By including cement in the bone cavity 

(along the length of the stem) bone necrosis increased significantly. When the large 

tibial tray was used there was little difference when compared to the small tray in the 

amount of necrosis in the cancellous bone. 

 

By using a thinner cement layer it may be possible to dramatically reduce the amount 

of bone necrosis due to cure. Also by cementing only the tray section of the implant 

(not the stem) necrosis may be reduced. The size of the tray has little effect. 
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Figure 4-56 - Necrosis index contour plots (1 or 4 refers to cement thickness in mm, Y or N refers 

to whether or not cement is used on the stem and L or S refers to the use of a large or small tibial 

tray). 
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4.8 Thermal Modelling Summary 

 

• A chemical reaction based polymerisation model was adapted due to the 

number and relevance of the model variables. 

• Modelling of contact at interfaces is essential for model to agree with 

experimental tests. 

• A minimum of 3 elements is required across the thickness of cement being 

modelled. 

• Changes in cement thickness was shown to affect the peak temperature and the 

radial cure gradient. 

• Stem temperature and stem alignment changes were able to reverse the 

polymerisation gradient.  

• Thermal model was shown to be most sensitive to the activation energy. 

• Thermal necrosis in different cement configurations of knee replacement 

operations were investigated and different thickness of cement in resurfacing 

arthroplasty. 
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5 Measurement of PMMA Curing Parameters Using 

Differential Scanning Calorimetry (DSC) 
 

5.1 Introduction 

 

During polymerisation of PMMA based bone cement several significant changes take 

place. Most notably, the material hardens from a fluid to form a viscoelastic solid. A 

large amount of heat is evolved during this process due to the exothermic nature of 

the polymerisation reaction. A volume change (shrinkage) has also been observed due 

to an increase in material density. 

 

In vivo, the shrinkage generally occurs when the cement surrounds a joint replacement 

implant. The implant constrains the shrinkage of the cement leading to the generation 

of residual stress within the cured cement mantle. The residual stresses observed 

within cement mantles have been shown to have the potential to cause an increase in 

the rate of damage accumulation in the cement mantle upon subsequent loading and 

may cause pre-load damage to the cement. 

 

In order to evaluate methods for reducing the residual stresses seen in the in-vivo 

cement mantle it is important to first understand the causes of the stresses. To this end 

a finite element model may be a useful tool to model the polymerisation process and 

the associated changes in materials properties. 

 

The finite element model developed for predicting heat generation in curing cement 

(described in detail in Chapter 4 - Thermal Modelling of Bone Cement Cure) uses an 

Arrhenius function of the temperature (f(T)) to describe the temperature dependence 

of the reaction rate during the polymerisation process (Equation 4-4). It was shown in 

Chapter 4 that variables involved in the modelling of polymerisation, i.e. activation 

energy (Ea), total amount of heat liberated during polymerisation (Qtot) and the rate 



Chapter 5 – Measurement of PMMA Curing Parameters Using Differential Scanning 

Calorimetry (DSC)  

 117 

constant, m, have considerable effects on the polymerisation curve and/or the 

temperatures reached during polymerisation. It was therefore important to ensure that 

these values are established accurately in order to accurately model the 

polymerisation. 

 

This chapter describes the measurement of the activation energy and the total amount 

of heat liberated during polymerisation using differential scanning calorimetry (DSC). 
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5.2 Materials and Methods 

 

5.2.1 Theory 

A method for determining the activation energy of reactions using Differential 

Scanning Calorimetry (DSC) has been described by Starink [109]. With this method it 

is possible to use relatively few experiments to completely characterise the reaction 

kinetics parameters compared to other methods presented in the literature [7, 110]. 

 

In Starink’s article a novel technique for the determination of the activation energy of 

a reaction by application of the Kissinger-Akahira-Sunose (KAS) method (more 

commonly referred to as the generalised Kissinger method) is described. 

 

The DSC instrument provides an extremely accurately electronically controlled 

temperature chamber. The temperature is controlled using liquid nitrogen and an 

electric heating element. By measuring the amount of heat input (by applying a 

current to the element) or extraction (by injecting an amount of liquid nitrogen), 

exotherms and endotherms can be quantified. The samples used are generally very 

small (of the order of mg’s) which allows the sample to be more easily temperature 

controlled. In this way the DSC can be used to measure kinetics of many different 

reactions. 

 

In this method, the reactants are mixed and a small sample placed into the DSC 

instrument. A constant rate temperature increase is then applied to the sample. 

 

If it is assumed that the transformation rate of monomer to polymer is a product of 

two functions, one depending on the fraction transformed (α) and the other on the 

temperature (T), the rate of transformation (dα/dT )can be written; 

 

)()( Tff
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Substituting into the Arrhenius expression (equation 4-4) for f(T) (equation 5-1) and 

integrating gives 
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where 
RT

E
y a= , 

f

f
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E
y = , fT  is the temperature at a fixed state of transformation 

(eg. α =0.5) and β is the rate of temperature increase of the sample. The right hand 

side is generally called the temperature integral and can be written; 
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This can be integrated by parts and simplified, by assuming yf>>1 (reasonable since 

15<yf<60 for most reactions of this type), to give; 
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By taking the logarithm of equation 5-4 and inserting the approximation for the 

temperature integral we obtain; 
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At a constant degree of polymerisation (=0.5) this leads to:- 
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where C is a constant, independent of temperature and heating rate. 

  

Plotting 
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fRT

1!  gives the activation energy as the gradient of the 

straight line. Once the activation energy has been determined, running isothermal tests 

and fitting equation 4-4 to the data produced gives K0. 

 

In a separate publication, Starink stated that this method may not be entirely reliable 

with reactions for which the start temperature, T0, is within about 50-70K of the 

reaction temperature and those with particularly low activation energy [108]. This is 

considered to be the case for the polymerisation of PMMA bone cement. For this 

purpose it may be more accurate to use an alternative value in place of Tf. Alternative 

values to be considered may be the temperature at which the reaction is at its peak 

(Tp) or the temperature at which a fixed amount of heat is left to be evolved before the 

end of the reaction. 

 

For example, should some of the reaction have already taken place before the 

reactants have been placed into the DSC, it may be necessary to ignore the early 

readings. By taking Tf as a point with a fixed amount of reaction left to take place, the 

early missing results from the reaction are ignored. This may be illustrated better 

using Figure 5-1, which shows a typical heat liberation curve for polymerising bone 

cement. 
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Figure 5-1 - Heat liberation curve showing possible errors produced by late start on the DSC. 
 

If the cement is not inserted into the DSC instrument and the instrument started until 

point B then by taking Tf as a percentage of the reaction having taken place (Tf), poor 

accuracy will result as the area (cross-hatched in the diagram) will not be a true 

representation of the chosen fixed amount of heat liberated. 

 

By taking Tf at a point where there is a fixed amount of heat left to be liberated we 

may be able to eliminate this problem of an early reaction. This may however suffer 

from any effects of the polymerisation reaction at the end. For example if there should 

be any secondary phase change or similar due to the higher temperatures at the end of 

our constant heat ramp experiments. 

 

By looking at the temperature of the peak heat output it may be possible to eliminate 

the effects of both end reactions and of late entry. However if there is a late entry into 

the DSC then this will cause the peak temperature to occur at a slightly different 

temperature from that seen if begun soon after mixing. 
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Should none of these methods yield appropriate results then it may be possible to find 

the activation energy as well as Qtot and m by forcing a numerical model to fit 

experimentally determined data. This method may require much more time and so 

should be used as a last resort. 

 

5.2.2 Experimental Technique 

Prior to using the DSC instrument it was necessary to obtain a “baseline” at the 

intended rate of temperature increase with an empty sample pan. This baseline was 

then subtracted from the heat results from the bone cement experiments to remove 

any effects of heating the sample pan itself. 

 

Cement was stored in a freezer (-20ºC) for at least 24hrs prior to mixing to minimise 

the amount of reaction which occurred outside of the DSC instrument following 

cement mixing. CMW1™ cement was used and was hand mixed in a glass bowl. 

Vacuum mixing was not used as it was found that mixing and delivery of the cement 

to the DSC using a vacuum mixing system was too slow. Immediately after mixing 

the cement to a visually homogeneous paste, a small sample was placed into a DSC 

sample pan and weighed. The sample was then inserted into the DSC instrument and 

the constant rate of temperature increase started. The time taken between the moment 

of pouring the liquid monomer into the polymer powder and the beginning of the DSC 

test was noted as well as the mass of the cement sample placed in the DSC. 

Experiments were performed at heating rates of 2.5, 5, 7.5, 10, 12.5 and 15ºC/min. 

 

After results had been obtained from each experiment, the baseline was subtracted 

and a curve was fitted to be coincident with the minima of the heat curve. This extra 

curve was subtracted to remove any effect of the specific heat capacity of the cement. 

This left just the heat produced due to the cement polymerisation reaction. 
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5.3 Results 

 

The set of heat curves produced from the DSC are shown in Figure 5-2.  

 

 

Figure 5-2 - Heat curves from DSC experiments after subtraction of sample pan and bone cement 

specific heat capacity baselines. 

 

The trend is for the cement in the higher heating rate experiments to have polymerised 

(and therefore evolved heat) earlier and faster than with the slower heating rates. This 

is because there is more energy available early in the fast heating rate experiments. 

 

Tf was taken to be the time at which 50% of the total heat evolved by the 

polymerisation, Qtot, had been liberated. Using this value a plot of 
!
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'  against 

fT

1!  was obtained (Figure 5-3). 
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Figure 5-3 - Plot for the determination of the activation energy from Tf. 

 

The plotted results conform well to a straight line. The gradient of this line is 7256.1. 

If the universal gas constant is 8.314kJ/kg mol K then the activation energy is 

60327.2kJ/kg. Borzacchiello et al. have published a value of 31285.6kJ/kg. Since 

there is a large discrepancy between the two values it was necessary to repeat 

calculations looking at the peak temperature (Tp) instead of Tf. This gives the line 

plotted in Figure 5-4. 

 

Again the result obtained for the activation energy (58224.6kJ/kg) has a large 

discrepancy with the published data. The result as seen using T-f (the temperature at 

which a fixed fraction of the heat remains to be evolved) is used to further examine 

this problem. This plot is shown in Figure 5-5. 
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Figure 5-4 - Plot for the determination of the activation energy from Tp. 

 

 

 

Figure 5-5 - Plot for the determination of the activation energy from T-f. 
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The results using T-f do not show a clear straight line and so some uncertainty in the 

line of best fit exists. If the point for the 2.5ºC/min is disregarded for this line then the 

gradient produced is 7442.3 giving a value for the activation energy of 61875.3kJ/kg. 

 

Based on these values and the discrepancy with published data it was decided to force 

fit the polymerisation model to the DSC data. 

 

5.3.1 Fitted Model 

The constant temperature gradient maintained by the DSC means that the temperature 

within the apparatus and hence the temperature of the cement sample is known at all 

times during the test. This means that the input temperature at each time interval 

(required in equation 4-4) is known. The model described in Chapter 4 was used such 

that the heat output of a sample of cement, “cured” under the same polymerisation 

conditions as those produced by the DSC, was calculated at the known temperatures 

given by the rate of temperature increase (β). These curves were then plotted on the 

same axes as the experimentally determined heat output curves (some of the plots 

have two experimental results curves as they were repeated when initial results were 

unexpected). The curves do not coincide very well although at lower temperature 

gradients they seem to agree better than at higher ones. 

 

Some adjustment was made to the input variables in an attempt to manually fit the 

model curves to the experimental data. Not all temperature gradient curves could be 

matched at the same time but some optimisation was possible to maximise the best fit. 

The new variables are shown in Table 5-1. 

 

Variable Qtot (W) Ea/R (/molK) K0 n m 

Published value 1.55x108 3763 9.1574 1.064 0.98 

Fitted value 9.5x107 3690 9.2 1.06 0.98 

Table 5-1 - Published and fitted input variables 
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Figure 5-6 - Experimental and numerical curves using published variables for all different rates 

of temperature increase. Some experiments were run twice after the first set of results gave 

unexpected results others were only run this second time. 
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Figure 5-7 - Experimental and numerical curves using fitted variables for all different rates of 

temperature increase. 
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5.4 Discussion 

 

To better fit the model curves to the experimentally determined data, Qtot was altered 

significantly to bring the peak height down to a similar level in 5 of the 6 

experiments. More minor changes were then made to the other input variables to 

better align the curves with the DSC data. At higher rates of temperature increase the 

models exhibited better conformity with the experimental data. It was not possible to 

fit the model to both the high and low rate of temperature increase experiments. This 

may mean that an element of model tuning may be required before using this model. 

For example if modelling a bulky cement mass (in a vertebroplasty application, 

perhaps), higher temperatures and higher rates of temperature increase would be 

expected. The opposite is true for a thin cement mantle in, say, a knee joint 

replacement application. 

 

It has recently been shown by Starink that there are a group of reactions for which the 

activation energy determination techniques initially used here and previously 

published by Starink, cannot be applied [108]. The polymerisation of 

polymethylmethacrylate falls into this category since it has a relatively low activation 

energy and the starting temperature for the experiments was within 50-70K of the 

reaction stage to be investigated. This may explain the discrepancy between the 

calculated activation energy and the published value. 

 

Previous DSC studies of the polymerisation reaction of polymethylmethacrylate have 

been carried out under isothermal conditions, which is less representative of the in-

vivo conditions. By carrying out a DSC investigation at varied rates of temperature 

increase it may be possible to better characterise the reaction variables. Tuning of 

variables to the individual situation is important when using empirical variables. 
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5.5 DSC Cure Parameter Measurement Summary 

 

• Constant temperature increase experiments were used and may be more 

clinically relevant than isothermal polymerisation tests. 

• Values for the Activation energy were calculated using methods published by 

Starink [109]. 

• The reaction was shown to be inappropriate for this method of activation 

energy determination. 

• Fitting techniques were used to show that the model may not hold true for all 

situations using the same variables. 

• It may be necessary to ‘tune’ the reaction variables to an individual set of 

boundary conditions and geometry. 
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6 Ultrasonic Cure Monitoring 
 

6.1 Introduction 

During polymerisation the material properties of PMMA based bone cement go 

through significant changes. After mixing, bone cement is inserted into the bone 

cavity as a power-law pseudoplastic fluid [25]. The cement polymerises in-situ and 

hardens over a period of approximately 5-10 minutes to form a visco-elastic solid. 

Volume has also been reported to change during polymerisation and if mass 

conservation is assumed, this must be accompanied by a change in density [83]. 

Residual stress may be produced in the cement mantle due to the change in volume in 

the presence of a constraining implant – residual stress generation will be affected by 

the relative timing of the changes in density and mechanical properties. Residual 

stress has been proposed as a factor in the failure of cemented arthroplasty [53, 58]. 

 

In order to predict the residual stress generation in acrylic bone cement it is necessary 

to understand the mechanical property changes that accompany polymerisation. Farrar 

and Rose used a mechanical rheometry technique to determine the viscoelastic 

parameters of the cement in terms of the storage and loss moduli and the loss angle 

[27]. Hanson et al. have developed a self-sensing mechanical rheometer to monitor 

the dynamic viscosity of the cement in the operating theatre so that the operating 

surgeon can better determine when to insert the cement [38]. 

 

It is important to ensure a minimal energy input from the measurement technique if 

measurements of curing cement representative of surgical conditions are to be 

obtained. Kinetic energy from mechanical rheometers can disturb the normal 

polymerisation process, but by keeping the energy input to a minimum, conditions 

close to those in surgery can be maintained. An alternative method is to use an 

ultrasonic technique to measure the material properties. Viano et al. performed a 

series of experiments to characterise the cure of bone cement [122]. They used 

measurements of the sonic velocity and the broadband ultrasonic attenuation (BUA) 

during cure to establish the cure time. Carlson et al. and Nilsson et al. used ultrasonic 

techniques to monitor the density and adiabatic bulk modulus in calcium based bone 
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cements [16, 85]. An approximation of the bulk modulus was derived from the 

velocity and the density. Since no shear wave measurements were taken, the true bulk 

modulus and the Lamè constants could not be determined. The moduli could therefore 

not be calculated in their complex form as they must be to fully characterise a visco-

elastic material. 

 

In this work a method for using ultrasound to monitor the cure of a PMMA bone 

cement was developed to calculate the density and complex modulus during 

polymerisation. Also the frequency response of each of these parameters was 

investigated for both compressive and shear waves. 
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6.2 Materials and Methods 

 

A jig was developed to house the sample and the ultrasound transducer and 

incorporate a method of measurement of the thickness of the sample. At the beginning 

of polymerisation bone cement is a fluid and must be contained and prevented from 

flowing freely. During polymerisation a volume change takes place and so the sample 

dimensions will change which must be accommodated by the jig. Due to dimension 

changes the cement thickness over which the ultrasonic signal is being sampled must 

be constantly measured. 

 

 

Figure 6-1 - Isometric views of the mould cavity and reflective top faces of the ultrasound 
experimental jig. 

 

 

A jig was designed with a cavity to contain the mixed cement and a threaded hole to 

locate the transducer underneath the cavity (Figure 6-1). The upper part of the jig has 

a flat steel surface opposite the transducer and is free to move towards or away from 

the transducer as dimensional changes occur in the cement. The top surface acts as a 

reflective surface to return the ultrasonic signal from the far side of the cement 

sample. Guide pins mounted beside the cavity upon which the upper component was 

free to slide ensured the reflective top surface remained parallel to the face of the 

transducer throughout the experiment. A micrometer was used to measure the relative 

position of the upper and lower parts of the jig. The sample thickness at any time 

could then be found by reference to the sample thickness measured at the end of 

testing. 
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A frequency dependence of the impedance of the transducer surface was established 

during initial testing and to eliminate this artefact a 3mm polyethylene buffer was 

inserted on top of the transducer. The transducer was coupled to the buffer using 

honey. 

 

A Panametrics V604, 2.25MHz, 1.0”dia. transducer was used for compressive wave 

measurements and a Panametrics V154, 2.25MHz, 0.5”dia. transducer for shear 

waves (unlike a conventional transducer the piezoelectric ceramic within the shear 

transducer is adapted to provide an oscillation in the same plane as the face of the 

transducer, this is then propagated through the test material in the normal direction). 

A Panametrics™ 5052 pulser/receiver was used to excite the transducer and a 

LeCroy™ 9310 oscilloscope was used to digitise the received signal, which could 

then be recorded on a PC. 

 

6.2.1 Experimental Procedure 

Experiments were performed at room temperature. Initially a recording of the signal 

received without any steel jig top or PMMA in place was taken. This was used to 

provide a reference value with air (a very well defined material) as a reflective 

surface. Ultrasonic energy is well reflected at the interface between two materials 

with dissimilar material properties and well transmitted through materials with similar 

material properties (e.g. a polyethylene-air interface is strongly reflective, a 

polyethylene-polytetrafluoroethylene (PTFE) interface is strongly transmissive). 

 

CMW1 DePuy™ cement was used throughout the experiments and was mixed under 

vacuum using the Cem-Vac™ mixing system. Mixing was carried out in accordance 

with the manufacturer’s instructions. Cement was inserted into the jig cavity 2 

minutes after initial mixing of the liquid monomer and polymer powder. The jig top 

was placed on the jig and the first measurement was recorded 2.5 minutes after initial 

mixing. 

 

A measurement of the cement thickness and a recording of the received signal were 

taken every 30 seconds while little change was occurring. During periods of rapid 

change measurements were taken as often as possible and the timing noted. 
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In order to maximise the signal on the oscilloscope, the pulser/receiver attenuation 

was altered for each measurement and these values were stored for use in data 

processing. The difference in attenuation was removed in the results processing to 

ensure all measurements were on a common scale. 

 

Measurements were taken until 720 seconds after the initial mixing for the 

compressive and 900 seconds for the shear test. At these times there was little further 

change in the signal and so polymerisation was assumed to be complete. 

 

Results were processed using Matlab™ and an example of the code used is contained 

in Appendix II – Finite Element Modelling and Results Processing Codes. 

 

6.2.2 Acoustic Theory and Data Processing 

Consider a layer of cement sandwiched between a piece of steel and a piece of 

polyethylene with a transducer mounted behind the polyethylene. A pulser/receiver 

excites the transducer to produce a signal. The path of the signal is illustrated in 

Figure 6-2. This pressure wave passes into the polyethylene with amplitude A0τ, 

where A0 is the initial amplitude of the pressure wave and τ is the transmission 

coefficient into the system. A portion of the pressure wave is reflected at the far 

surface of the polyethylene and a portion continues through the PMMA cement. The 

ratio of the amplitudes of the reflected and transmitted wave is the ‘reflection 

coefficient’ R12. The reflected portion of amplitude A returns to the transducer where 

it is recorded. The transmitted portion of the signal continues to the opposite side of 

the PMMA where it is reflected at the PMMA/steel interface, again with loss of 

amplitude due to transmission into steel. The reflection coefficient at the PMMA/steel 

interface is denoted by R23. The pressure wave then returns through the PMMA 

suffering further losses due to reflection as it passes back into the polyethylene (in this 

case characterised by the transmission coefficient T12). The signal is then recorded at 

the transducer and has amplitude B. The signal taken with air backed polyethylene is 

denoted A’. 
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Figure 6-2 - Diagram showing path of recorded signals through polyethylene and PMMA. 

 

As the pressure wave passes through the polyethylene and PMMA it is attenuated and 

the calculation of this attenuation is required to derive both the density and the 

complex modulus of PMMA. 

 

The amplitude of the wave reflected at the polyethylene-PMMA interface can be 

calculated using equation 6-1; 
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where A0 is the incident wave amplitude, τ is the transfer coefficient from the 

transducer into the polyethylene, R12 is the reflection coefficient at the 

polyethylene/PMMA interface, α1(f) is the attenuation of polyethylene as a function of 

frequency and t1 is the thickness of the polyethylene. 

 

Similarly, the amplitude A’ can be calculated using equation 6-2; 
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Dividing A by A’ allows the reflection coefficient at the polyethylene/PMMA 

interface R12 to be calculated; 
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The impedance of PMMA can then be found; 
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where z1 and z2 are the impedance in polyethylene and PMMA respectively. The 

impedance of polyethylene can be obtained from the literature and so the impedance 

of PMMA can be derived and used together with the sonic velocity to give the 

density; 

 

n

n

n

v

z
=!           6-5 

 

To calculate the complex moduli the attenuation of the cement is also required. This 

can be found by using the relationship between the first and second echo signals. The 

second echo has amplitude (B), which can be calculated using equation 6-6. 
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where T12 and T21 are the transmission coefficients for passage of the ultrasonic wave 

from polyethylene to PMMA and from PMMA to polyethylene respectively, R23 is the 

reflection coefficient at the PMMA/steel interface and α2(f) and t2 are the attenuation 

and thickness of the PMMA respectively. By relating T12 and T21 to the reflection 

coefficient R12 (equations 6-7 and 6-8) the amplitude of B can be reduced to; 
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Dividing B by A gives; 
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R23 can be found from; 
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z2 has been calculated using equation 6-4 and z3 (the impedance of the steel) can be 

calculated using equation 6-5. 

 

R is a term used to identify a function of the reflection coefficients and is given by 

equation 6-12. 
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By substituting equation 6-12 into equation 6-10, attenuation can be found from; 
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in the form; 
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6.2.3 Dispersion Adjustment 

Initial experiments revealed a problem due to dispersion of the ultrasonic wave in the 

PMMA and polyethylene. This dispersion was most likely caused by the visco-elastic 

nature of the two materials and would be expected to be more prominent in the 

PMMA layer at the beginning of polymerisation. Dispersion of an ultrasonic wave 

results from the frequency dependence of the transmission properties of the 

transmitting medium. Since a broadband transducer (which emits ultrasonic waves of 

multiple frequencies) was used in this study different components of the signal of 

different frequency within the signal were attenuated differently and travelled at 

different velocities. These effects of dispersion result in difficulty in determining the 

velocity of the ultrasonic wave. An adjustment must be made to the velocity of the 

signal through the PMMA to allow for these effects. 
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In a non-dispersive material the velocity can be measured by inspecting the signal and 

in particular the time between peaks in successive echoes. By dividing the time 

between peaks from successive echoes by the distance the signal has travelled (twice 

the thickness of material it has passed through) the velocity can be calculated. In a 

dispersive material this technique will not find the velocity for all frequencies in the 

signal - the velocity found is that of the centre frequency of the transducer. To find the 

velocity at other frequencies in the range of the transducer signal the following 

equation may be applied 
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where ω is the rotational frequency in radians/s, v2(ω) is the velocity as a function of 

ω and ω0 is the centre rotational frequency of the transducer. This technique uses a 

Kramers-Kronig technique to relate the phase velocity and attenuation [124]. When 

this adjustment has been made v2(ω) can be used in the calculations of the material 

properties as shown in 6.2.2 - Acoustic Theory and Data Processing. 

 

The ultrasonic velocity through polyethylene is also affected by dispersion. For 

polyethylene, v1(ω) was adapted from the literature. Wu measured both the 

longitudinal and shear ultrasonic velocities as a function of frequency through a 

similar (though not identical) density polyethylene and they are shown in fig. 5 of that 

publication [128]. In a study by Piché, longitudinal phase velocity was plotted against 

the density in polyethylene (fig. 2 in that publication) and showed a proportional 

relationship between the two variables [94]. Using the relationship published by 

Piché, the velocities published by Wu were scaled according to the density. In this 

way a complete spectrum for the velocity of sound as a function of frequency was 

determined for the buffer rod of polyethylene. Using equation 6-4 the impedance of 

polyethylene was then calculated (z1). The calculated impedance of the polyethylene 

is plotted against the frequency over the useful frequency range in Figure 6-3. 
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Figure 6-3 - Ultrasonic wave impedances for both compressive and shear waves through 
polyethylene converted using a relationship of density to velocity for polyethylene [94] from 
experimental data for the impedance with frequency for a similar polymer with different density 
[128]. 
 

6.2.4 Material Property Calculation 

From the theory in sections 6.2.2 - Acoustic Theory and Data Processing and 6.2.3 - 

Dispersion Adjustment, the density, ultrasonic velocity and attenuation in PMMA 
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were calculated. Using these three variables it was possible to calculate the complex 

moduli. 

 

According to McSkimin the real and imaginary parts of both the compressive and 

shear moduli of a visco-elastic material can be calculated from ultrasonic variables 

[79]. The real and imaginary parts correspond to storage and loss modulus 

respectively. 

 

For compressive waves; 
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For shear waves; 
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E denotes the elastic modulus and C11, C12 and C44 denote the individual stiffness 

constants that make up a materials stiffness matrix. A ‘*’ is used in this instance to 

indicate when a value is complex. The real and imaginary parts of the compressive 

and shear moduli can be calculated from equations 6-18 to 6-23 using values obtained 

from the corresponding set of experiments (compressive variables to calculate the 

compressive moduli and shear variables to calculate the shear moduli); 
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These complex values can be used to find the bulk and shear moduli. Bulk modulus 

(K) is given by; 
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and shear modulus (G) is given by; 
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From the bulk and shear moduli the Young’s modulus can be extracted in its complex 

form; 
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6.3 Results 

 

The thickness measurements were taken throughout polymerisation and are plotted in 

Figure 6-4. 

 

 

Figure 6-4 - Thickness over time for both compressive and shear wave tests measured using a 
micrometer during exsperiments. 

 



Chapter 6 - Ultrasonic Cure Monitoring 

 145 

Initially it was important to ensure that a change could be recorded during the 

polymerisation process and to ensure that all measurements could be taken and 

correlated. 

 

 

Figure 6-5 - Initial experimental data showing the recorded change in the ultrasonic signal 
during polymerisation. The vertical axis shows time from mixing of the cement, the horizontal 
axis shows propagation time for the signal, contour colours denote the amplitude of the signal 
with red denotinging a high peak and blue denoting a low trough. 

 

Figure 6-5 shows a contour plot of the trace from an initial compressive test over time 

produced by collating all raw echo signals (such as Figure 6-6) taken throughout the 

experiment into one contour plot. The y-axis shows the time from mixing the cement 

and the x-axis shows the time taken for the signal to travel through the material and 

return back to the transducer. The bands of colour mark a peak or trough in the 

received signal. In this way the progress of an individual echo during the 

polymerisation process can be followed. Although velocity is the most obvious 

feature to monitor using this method it is also possible to qualitatively monitor the 

strength of an echo by looking at the colour of the contour. Two echoes (A and B) can 

be seen clearly throughout the experiment. The increase in separation of echoes A and 
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B indicates a change in the velocity of the ultrasonic wave and the change in colour of 

the echoes indicates a change in signal strength, both effects being due to changes in 

the attenuation properties of the material. 

 

6.3.1 Compressive Wave Results 

Figure 6-6 shows the last captured trace for the compressive wave experiment taken at 

720s. The signal was scaled according to the attenuation settings of the 

pulser/receiver. This scaling ensured that all signals were on the same scale as the 

echo from an air backed piece of polyethylene (A’). The trace was separated into 

components A and B. 

 

 

Figure 6-6 - Raw signal taken at 720s from compressive wave experiment. 

 

The similarity of regions A and B of Figure 6-6 shows that the first and second echoes 

were in phase and little acoustic dispersion was present. Therefore velocity could be 

measured easily by measuring the time between corresponding peaks in the two 
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echoes. This gave the velocity at the centre frequency of the transducer to use as 

v2(ω0). 

 

The Fourier transform of the two waves can be seen in Figure 6-7. The range of useful 

frequencies is marked on this plot. The lower bound results from the integral for the 

velocity calculation being taken from the centre frequency of the transducer and the 

upper bound from the need to eliminate greatly increased errors at very high 

frequencies. 

 

 

Figure 6-7 - Fourier spectra of both the first (A) and second (B) compressive wave echoes at the 
end of polymerisation. 

 

By using the Fourier spectra of both the first echo (A) and the echo from air backed 

polyethylene (A’) the reflection coefficient at the polyethylene/PMMA interface was 

calculated. The reflection coefficient as a function of frequency is plotted in Figure 

6-8. Although an increase in the reflection coefficient with frequency is observed, 

significant deviations from linearity are present. This may be as a result of electrical 
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noise within the system or acoustic noise from an external source since it is very 

difficult to completely acoustically isolate the equipment during the test. 

 

 

Figure 6-8 - Reflection coefficient at the polyethylene PMMA interface at the end of 
polymerisation. 
 

The non-linearities shown in Figure 6-8 are also carried forward into the impedance 

calculation for PMMA (impedance plotted against frequency in Figure 6-9) and the 

calculation of the reflection coefficient at the PMMA/steel interface (Figure 6-10.). 

The reflection coefficient at the PMMA/steel interface was calculated from the 

relationship between the two materials impedances (equation 3-11). 
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Figure 6-9 - Compressive wave impedance of PMMA at the end of polymerisation. 

 

 

 

Figure 6-10 - Reflection coefficient at the PMMA/steel interface at the end of polymerisation. 
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Figure 6-11 - Compressive wave attenuation as a function of frequency at the end of 

polymerisation. 

 

Attenuation should increase with frequency as shown in the study by Wu [128]. 

Figure 6-11 shows that the calculated attenuation agrees with this theory. 

 

Velocity was calculated using the Kramers-Kronig technique and is shown in Figure 

6-12. 
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Figure 6-12 - Sonic velocity through bone cement at the end of polymerisation. 

 

The density of the bone cement was then calculated from the velocity and the 

impedance as a function of frequency, Figure 6-13. 
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Figure 6-13 - Density of bone cement at the end of polymerisation. 
 

The density of the bone cement should be a constant value with frequency and 

although this is not seen in Figure 6-13, the variation over this frequency range is less 

than 5%. The average over the frequency range considered was 1268kg/m3. Values 

quoted in the literature for this type of bone cement range from 1180-1193kgm3[7, 

43]. The average value calculated in this time instant is 7% different from the average 

value determined from published results. 

 

Similar analyses were performed on the results obtained at successive time intervals 

and a surface was plotted from the resulting series of curves. In Figure 6-14 the 

attenuation can be seen to reach a maximum at around 330s. At this moment the 

attenuation dispersion is also at a maximum and is greatly reduced later in 

polymerisation. 

 



Chapter 6 - Ultrasonic Cure Monitoring 

 153 

 

Figure 6-14 - Compressive wave attenuation through bone cement over time during 
polymerisation. 
 

 

 

Figure 6-15 - Compressive wave velocity through bone cement during polymerisation. 
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From Figure 6-15 the velocity can be seen to undergo a rapid increase during 

polymerisation. This trend is expected as velocity is related to both stiffness and 

density and will increase with increases in either. 

 

 

Figure 6-16 - Density of bone cement during polymerisation measured using compressive wave. 
 

Figure 6-16 shows the calculated changes in density during polymerisation. The 

previous literature shows a tendency for an overall density increase and therefore a 

shrinkage at completion of polymerisation. Although the thickness measurements 

show a decrease during polymerisation (Figure 6-4), the calculated density shows a 

decrease from the start of polymerisation to the finish. There is also a minimum value 

shown to correspond in time with the rapid increase in velocity and the maximum 

attenuation during polymerisation. 
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6.3.2 Shear Wave Results 

Similarly to the compressive wave results the results at the end of polymerisation 

were examined initially. The last trace was recorded at 900s in the shear wave 

experiment and is shown in Figure 6-17. The two echoes (A and B) can be easily 

identified and are in phase at this point. The two echoes are a slightly different shape 

however and this shows that there is dispersion and attenuation occurring within the 

bone cement. A similar series of calculations as for the compressive wave results was 

performed, the results are shown in Figure 6-18-Figure 6-22. 

 

 

Figure 6-17 - Raw signal taken at 900s into shear wave experiment. 
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Figure 6-18 - Shear wave reflection coefficient from the polyethylene/bone cement interface at the 
end of polymerisation. 
 

 

 

Figure 6-19 - Shear wave impedance of bone cement at the end of polymerisation. 
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Figure 6-20 - Shear wave reflection coefficient from the bone cement/steel interface at the end of 
polymerisation. 
 

 

 

Figure 6-21 - Shear wave attenuation through bone cement at the end of polymerisation. 
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Figure 6-22 - Density measured using shear waves at the end of polymerisation. 
 

As shown in Figure 6-18 to Figure 6-20, the curves for the impedance and reflection 

coefficients give smooth curves with similar trends to the compressive wave results. 

However, attenuation does not conform to the expected trend of increasing smoothly 

with frequency (Figure 6-21). Although similar curve shapes are shown with density 

as a function of frequency for both compressive and shear results, there is a large 

change with frequency during the period of rapid polymerisation. The densities 

derived from the shear wave experiment are also larger than expected and different to 

both those quoted in the literature and those calculated using the compressive wave 

experiment. 
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Figure 6-23 - Shear wave attenuation during polymerisation of bone cement. 
 

 

 

Figure 6-24 - Shear wave velocity through bone cement during polymerisation. 
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Figure 6-25 - Density calculated from shear wave experiment during polymerisation of bone 
cement. 
 

Prior to a measurement taken at 466s into the shear wave experiment, attenuation was 

so high that the signal from the bone cement/steel interface was not discernable from 

the raw signal. This is to be expected since in a fluid a shear wave cannot be 

supported and so will not propagate through the polymerising bone cement. For this 

reason it is not possible to calculate attenuation, velocity or density at these early 

stages of the reaction. 

 

Attenuation was seen to decrease from start to finish of polymerisation (Figure 6-23). 

This decrease in attenuation is expected as the material increases in stiffness and 

viscosity and so becomes able to support a shear wave. The velocity increases towards 

the completion of polymerisation (Figure 6-24). This is expected as the material 

increases in stiffness and density. The density calculated from the shear wave 
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experiment increased towards the completion of polymerisation (Figure 6-25). This 

trend is reported in the literature [83], however the magnitudes calculated are greatly 

increased compared to those reported. 

 

6.3.3 Moduli 

The experiments of both shear and compressive waves could not be directly combined 

since they were taken from different samples which may have polymerised at 

different rates. The samples were of differing thickness - the thicker sample (from the 

compressive wave experiment) would have been expected to produce more heat and 

hence polymerise faster. This is evident from the results already examined. The 

compressive sample was approximately 1mm thicker than the shear sample and it can 

be seen that the rapid changes taking place during polymerisation in all calculated 

parameters took place slightly earlier in the compressive experiment than in the shear 

experiment. 

 

The results from the two samples were correlated using two separate thermal models 

of the experiments. The models (described in Chapter 4 - Thermal Modelling of Bone 

Cement Cure) generated curves for the degree of polymerisation as a function of time. 

By comparing the degree of polymerisation curves generated for the two different 

sample thicknesses it was possible to rescale the time axis of the shear experimental 

results with an ‘equivalent time’. 

 

Where the ‘equivalent time’ did not coincide with one of the discrete experimental 

measurements, linear interpolation of adjacent results was performed. The results at 

this ‘equivalent time’ were then used in combination with the corresponding results 

from the compressive experiment. 

 

To ensure that the model was valid for the experiments, a thermocouple was used to 

record the temperature during the experiment. This was compared to the temperature 

calculated during modelling of the experimental situation. The difference between the 

two peak temperatures was only 0.04ºC and the timing of the peak temperature was 

different by approximately 20s (Figure 6-26). This difference in timing was consistent 
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in both models when compared to their respective experiments. This meant that the 

relative timing of the two degrees of polymerisation modelled could be assumed as 

consistent with the real world situation. 

 

 

Figure 6-26 - Temperature modelled using finite element compared to temperature recorded 
during experimentation. 
 

The compressive results were used to generate a complex modulus and this modulus 

(Ec*) is presented in Appendix III – Tables of results from Ultrasonic calculations, 

Table 1. 

 

The real part of E* is shown in Figure 6-27. A steady increase in the compressive 

modulus was observed. 
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Figure 6-27 - Real part of compressive E* modulus (C11). 
 

The compressive modulus can be seen in Figure 6-27 to have increased throughout 

polymerisation to values of approximately 8.5x109Pa at the end of polymerisation. 

The imaginary part (the loss part) is plotted in Figure 6-28 and again shows a 

consistent rise in the modulus throughout polymerisation. The path of the compressive 

loss modulus was somewhat noisier than that of the storage component. Also the 

timing of the rise was earlier in the loss modulus than in the storage modulus. 
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Figure 6-28 - Imaginary part of compressive E* modulus (C11). 
 

Similarly the complex shear modulus (G* or C44) was calculated and is tabulated in 

Appendix III – Tables of results from Ultrasonic calculations, Table 2. The plot of the 

real part of the shear modulus shows a rise occurring later than that of the 

compressive modulus (Figure 6-29).  The plot of the imaginary part of the shear 

modulus shows a peak at about the same time as the rapid rise in the real component. 

This peak in the modulus would not be expected and may be simply an artefact of 

noise in the shear experiments. 

 

The bulk modulus (K*) was then plotted in a similar manner with the real and 

imaginary values separated (Figure 6-31 and Figure 6-32). The full values are 

presented in Appendix III – Tables of results from Ultrasonic calculations, Table 3. It 

may be noted that while at the beginning of the shear experiment no results could be 

obtained (since no shear wave could pass through the material), C44 is 0 and so, by 

equation 6-21, C11 is approximately equal to C12. Therefore before shear readings can 

be taken K* may be assumed to be equal to C11*. 
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Figure 6-29 - Real component of shear modulus (C44). 
 

 

 

Figure 6-30 - Imaginary component of shear modulus (C44). 
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The bulk modulus (K*) shows the introduction of the shear modulus as a drop in the 

bulk modulus. Because the compressive modulus is already at a steady state, when the 

shear modulus is introduced, the bulk modulus must drop and subsequent increases in 

shear modulus will further reduce the bulk modulus. 

 

 

Figure 6-31 - Real component of the bulk modulus (K*) during polymerisation. 

 

The same drop occurs in both the real and imaginary components of the bulk modulus 

as can be seen in Figure 6-31 and Figure 6-32. 
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Figure 6-32 - Imaginary component of the bulk modulus during polymerisation. 

 

Since there are no data for C44 at the beginning of the polymerisation process, C11 is 

equal to C12 and hence the Young’s modulus is 0 during this period. When it was 

possible to retrieve data for the C44 value, the Young’s modulus was calculated and 

showed a rise through the final stages of the experiment (Figure 6-33 and Figure 

6-34). 

 

The shape of the Young’s modulus surface is similar to that of the shear modulus. 

This is to be expected since the compressive modulus is at a steady state and changes 

in the Young’s modulus are solely due to changes in the shear modulus at this time. 
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Figure 6-33 - Real component of the Young's modulus duringpolymerisation. 

 

 

 

Figure 6-34 - Imaginary component of the Young's modulus during polymerisation. 



Chapter 6 - Ultrasonic Cure Monitoring 

 169 

 

At the end of polymerisation the static Young’s modulus is reported in the literature at 

between 2 and 2.6GPa [61]. The Young’s modulus was plotted against frequency and 

a straight line of best fit was calculated and used to extrapolate a static value for the 

real component of the Young’s modulus. since Piché reported that density is 

proportional to the velocity and Wu showed that velocity is approximately 

proportional to frequency in our frequency range a straight line was a reasonable 

assumption for the young’s modulus as a function of the frequency in polymers [94, 

128]. The Y-intercept of our straight line was 1.74GPa.  

 

 

Figure 6-35 - Real component of Young's modulus at the end of polymerisation. 
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6.4 Discussion 

 

The attenuation of the ultrasound beam by the cement in both the compressive and 

shear experiments showed an overall reduction throughout the polymerisation 

process. Attenuation is a measure of how much of the energy of the signal is lost as it 

passes through the material. Energy is most likely to be conserved in a stiff, dense 

material and so this increase in attenuation shows that it is possible to monitor some 

change in the material characteristics during polymerisation. The compressive 

experiment shows a prominent peak in the attenuation during the period of rapid 

polymerisation. This sudden increase in attenuation was not expected as it is known 

that the material is becoming denser and stiffer at this time. The timing of the increase 

in attenuation coincides with a rise in the temperature, so it may be possible that the 

rise in specimen temperature may be causing the increase in attenuation. Alternatively 

it may be explained by factors attributable to the polymerisation process itself. The 

polymerisation reaction requires some activation energy and while a very low energy 

ultrasonic wave was used it is possible that sufficient could have been absorbed in the 

polymerising cement to alter the reaction kinetics. The rise in the attenuation does not 

appear to have been caused by material property changes. 

 

Further errors may have resulted from imperfect synchronisation between the results 

of the shear and compressive experiments. The two experiments were combined using 

data from models run separately. This method may not have sufficiently compensated 

for differences in the precise timing of polymerisation between the two experiments. 

This difference in timing between the two experiments may account for the drop in 

the bulk modulus after it has reached a peak. It would be expected that both the shear 

and compressive modulus would increase simultaneously and so the bulk modulus 

would exhibit a consistent increase during polymerisation. 

 

The shear experiments provided no data until the second echo could be obtained and 

distinctly identified from the noise. This was expected since a fluid cannot support 

shear waves and the Young’s modulus would be expected to tend towards 0Pa. The 

surface plot of the real part of the Young’s modulus shows that towards the beginning 
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of the reaction the Young’s modulus is certainly much lower than that at the end of 

the experiment. 

 

The impedance of polyethylene (z1) was obtained from the literature. 

 

The noise seen in the shear experiments was, at times, comparable in size to the signal 

received. This made judging the start and end of the received echo very difficult, in 

the early stages of polymerisation. At the end of polymerisation it was very easy to 

distinguish the two signals and very clear that the two signals were in phase. During 

the polymerisation process a phase change took place in the signal from the 

polyethylene/bone cement interface and so at the beginning of the experiment the two 

signals in the compressive wave experiment were one half-wave out of phase. 

Therefore during the polymerisation process the signal undergoes a transition of 

phases. This combined with dispersion within the polyethylene caused the two echoes 

to look dissimilar (Figure 6-36) and so picking two peaks for measuring the time 

separation was very difficult and may have caused an error of up to one whole 

wavelength. 

 

The errors discussed here seem to cause only a small error in the final Young’s 

modulus value (approximately 0.5GPa). The trends displayed in most results were as 

expected and the timing of events during the experiments indicate the method is a 

promising tool for monitoring the polymerisation reaction. The results give an 

accurate prediction of the timing of the period of rapid polymerisation and good 

steady state values for the moduli of the material. 
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Figure 6-36 - Raw signal from compressive experiment in the middle of polymerisation. 
 

The errors seen throughout the experiment were more apparent before and during the 

point at which the polymerisation reaction was proceeding fastest. This caused the 

values calculated for the density to be increasingly inaccurate toward the start of the 

compressive experiment. Since the density is equal to the quotient of impedance over 

velocity and the velocity at the start of the polymerisation process was lower (since 

velocity is higher in a stiffer material), it must then follow that impedance was lower 

at the start of the reaction. In the compressive experiment an initial impedance of 

approximately 2.35x106Ω and a final impedance of approximately 3.26x106Ω were 

calculated. The impedance at the end of the reaction was 1.4 times larger than the 

initial impedance which was not sufficiently low to offset the corresponding velocity 

change of a factor of 1.8 leading to an overall increase in density. 

 

The final values obtained using this technique show correlations between the density 

found using the compressive wave test and the final calculated static Young’s 
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modulus and published data. The errors discussed are not significant at this point 

during the polymerisation. Earlier during the experiment these errors appear to be 

magnified giving erroneous readings for the density and moduli. This magnification 

of errors may be due to a combination of the errors discussed. Since many of the 

errors introduced (such as those produced by noise in the signal) are difficult to 

quantify and there are no results for the moduli measured during the polymerisation in 

the literature, it is not possible to conclude which is the most important. 

 

It would be very important in future experiments to develop a method to allow the 

simultaneous measurement for both shear and compressive waves. This would require 

two transducers, two pulser/receivers, two oscilloscopes and two computers to be 

used on one sample of curing cement and as such was not feasible for this study. 

 

This study has established a technique for calculating all of the complex material 

properties in a polymer without making any prior assumptions about that sample. The 

results showed good agreement with published data for the Young’s modulus of the 

final, steady state, polymerised material and the trends shown throughout the 

polymerisation show that the technique could be a valuable tool in the monitoring of 

materials whose properties are changing rapidly. 

 

There are several sources of error involved in this technique, which must be 

investigated before relying on the results obtained, however the findings presented 

here show it is a feasible method. The method inputs very little energy into the system 

and so changes the reaction very little but is able to monitor several different variables 

simultaneously with little user intervention. 
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6.5 Ultrasonic Cure Monitoring Summary 

 

• Ultrasound has been investigated in more detail than previous studies as a 

method for the determination of the mechanical properties of setting materials. 

• During steady state conditions the measured properties are closer to expected 

values. 

• Shear wave signals are more difficult to process due to the high shear 

attenuation when in the fluid state. 

• During polymerisation the compressive signal goes through a pole change. 

During this period the first and second echo are more difficult to compare. 

• The method developed can accurately monitor the polymerisation process and 

show the period of rapid polymerisation. 

• With some further development the method will hopefully be able to 

accurately measure all complex moduli throughout the cure of many fast 

setting materials. 
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7 Tensile Cure Tests 
 

During cure of vacuum mixed PMMA based bone cement there is typically a 

shrinkage of 2% linearly (8% volumetrically) [83]. When this shrinkage is constrained 

by the presence of an orthopaedic device residual stress in the cement mantle will 

result. The aim of the experiments described in this section was to determine the force 

generated by a curing cement mass of controlled dimensions. The problem of 

containing the cement mass in its initial fluid state was overcome by using a 

horizontally mounted tensile test rig. Load transfer between the cement and the rig 

was ensured by rigidly fixing acrylic plates (to which cement will chemically bond) to 

both the load cell and reaction face. 

 

7.1 Materials and Methods 
 

A schematic of the test set-up is shown in Figure 7-1. A 15mm x 15mm channel 

50mm long was clamped to the test bed using legs used to raise its height. One end of 

the channel was blocked off using 3mm sheet acrylic bolted to the exterior. At the 

other end a piece of acrylic with a 15mm x 15mm square protrusion was bolted to the 

load cell and positioned so that the protruding face blocked off the channel. PVDC 

film (“clingfilm”) was used to line the channel to prevent mechanical bonding of the 

cement to the channel. 

 

A data logger was connected to the horizontal load cell and recording was started at 

the start of mixing of the bone cement components. Immediately after mixing, the 

cement was injected into the channel, ensuring good contact with both acrylic ends. 

Load was recorded at a sampling frequency of 1Hz for approximately 2000s. 

 

At the end of cement cure, an in situ tensile test was performed to test the bond 

strength at the interface between the acrylic plates and the bone cement. 
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Figure 7-1 - Schematic of tensile cure test rig. 
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7.2 Results 

 
Load time curves are shown in Figure 7-2.  
 

 

Figure 7-2 - Tensile Load produced during cure of PMMA bone cement. 

 

Transmission of significant load by the curing cement mass began at 300-400 seconds 

(Figure 7-2). Subsequently the load increased until a plateau was reached at around 

1200 seconds from mixing. The plateau load varied from 112N to 162N. This degree 

of variation may have been caused by variation in sample size since it was difficult to 

ensure a perfectly uniform fill of the open channel. Another source of variation could 

be imperfect bonding of the cement to the acrylic plates. If part of the cement block 

has not bonded to either plate then there will be an unconstrained portion of cement 

capable of shrinking, hence reducing the measured load. Conversely if the channel has 

been overfilled then it may bond with more than just the interior faces of the acrylic 

causing an increase in load. 

 

An interesting, and unexpected, feature of each load curve was a sudden jump in the 

load at between 500 and 700 seconds. It can be hypothesised that this jump in the load 

may be due to stick-slip motion between the cement and the sides of the mould. It is 

impossible to ensure full coverage of the sides with the PVDC film and so the 

exposed cement may tend to stick to the channel walls. This cement would then be 
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likely to slip at higher loads. Alternatively the cling-film may not be providing the 

frictionless solution that is required and so the cement and film would slip against the 

walls. Any one or all of these scenarios may be taking place in these experiments. 

 

The pull out tests performed after full cure showed that a good bond had been 

achieved between acrylic end surfaces and bone cement. It was not possible to 

measure the bond strength as the attachment of the acrylic plate to the load cell 

always failed first, however in each case the load reached 300-450N before this 

failure occurred. 
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7.3 Discussion 

 

Results clearly show that there is a tensile force produced by the polymerising bone 

cement, the magnitude of the force exerted is lower than might be expected from this 

cement block geometry. By applying Hooke’s Law, a 2% linear strain on fully 

polymerised cement of identical geometry (with an elastic modulus of approximately 

2.5GPa) produces a force of 11.25kN. This sets an upper bound to the force that might 

be expected.  

 

Some of the discrepancy between the upper-bound and recorded results may be a 

result of much of the shrinkage occurring while the cement was still in a fluid (plastic) 

state. Some may also be a result of friction between the rig and the specimen. While 

every effort was taken to minimise this friction it was impossible to completely 

eliminate it. Residual friction between the sides of the cavity and the cement specimen 

was sufficient to prevent specimens being removed by hand. 
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7.4 Tensile Cure Test Summary 

 

• The cement polymerisation produced a tensile force in all cases with an 

average of 125N. This shows that the shrinkage was measurable in all cases. 

• Values would be expected as significantly higher with this cement geometry. 

• The bond with Perspex was shown to be stronger than the Perspex loading 

plate. 

• Differences between measured and expected values of force may be explained 

by friction which could not be completely eliminated in the experiments. 

• A jump in load was observed at approximately 75-95N which may suggest 

friction was causing a slipping scenario. 

• Friction was sufficient to prevent removal of cast cement blocks from the 

cavity by hand. 
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8 Bone Cement Shrinkage Modelling 
 

8.1 Introduction 

 

Bone cement, which is used as a fixation material in total joint arthroplasty, is inserted 

into the cavity prepared in the bone to receive the implant, as a fluid of polymer 

powder mixed with liquid monomer. The implant is inserted into this fluid mass and 

as the bone cement polymerises, it hardens to form a viscoelastic solid. During the 

polymerisation process the physical properties of the cement change. Both the storage 

and loss modulus increase (as shown in Chapter 6 - Ultrasonic Cure Monitoring). The 

density increases and the volume decreases. Unconstrained cement shrinks, but if an 

implant is present the cement may be constrained and unable to shrink, this 

constrained shrinkage will generate residual stresses within the cement mantle. In-

vitro experimentation has shown that this residual stress may be sufficient to cause 

pre-load cracking and may increase the rate of damage accumulation in the cement 

mantle during normal loading of the implant [58]. 

 

Attempts have been made to model residual stresses in cement mantles using finite 

element analysis. Previous models have used ad hoc methods such as a press fit or 

quasi-thermal techniques to generate residual stress fields, but to better understand the 

parameters that control residual stress development it is desirable to develop a model 

which takes into account the effects of heat generation, changes in cement mechanical 

properties and shrinkage effects throughout the polymerisation process. 

 

A model of the thermal phase of polymerisation has been developed and validated and 

is reported in 4 - Thermal Modelling of Bone Cement Cure. This model predicts the 

thermal history of the cement and the local degree of polymerisation during the 

polymerisation process. By relating the shrinkage and material properties of the 

cement to the degree of polymerisation, residual stresses in the cement mantle may be 

predicted. 
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With a tool for predicting the residual stress field in a cement mantle it may be 

possible to suggest methods for reducing residual stresses, such as by controlling stem 

temperature, and to improve the accuracy of fatigue models of in-vivo total joint 

arthroplasty. 
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8.2 Method 

 

The finite element mesh and element-by-element degree-of-polymerisation history 

from the model presented in Chapter 4.4 was used. The first step in developing the 

shrinkage model was to set the initial value of the degree of polymerisation for each 

element. The degree of polymerisation (α) has a value between 0 and 1 denoting the 

amount of polymerisation that has taken place so far. This value was used as a 

reference from which the density, the elastic modulus and the shrinkage strain were 

determined. Each of these dependent variables was given a start value (at α=0) and an 

end value (at α=1), and intermediate values calculated by linear interpolation. The 

range for each variable is shown in Table 8-1. The end value for each variable was 

determined from the literature and the start value as a small fraction of the end value. 

 

Variable Start value End Value 

Density 0.94x103 1.1x103 

Young’s modulus 2.5x106 2.5x109 

Yield stress 1 56x106 

Shrinkage 0 0.02 

Table 8-1 - Variable ranges for shrinkage model variables. 
 

Shrinkage was modelled using the Ansys User Programmable Function (UPF) 

USERSW developed to model radiation-induced swelling of materials in nuclear 

engineering applications. Swelling is defined in the UPF as the volumetric 

enlargement of a material in the presence of a neutron flux. Temperature dependence 

of the amount of swelling induced by a given neutron flux is also available in the 

default coding for the calculation of swelling strain, but was removed in the present 

implementation. Use of the USERSW UPF required a separate subroutine to be linked 

into a new ‘user customised’ version of the Ansys™ programme.  
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The degree of polymerisation of each element was communicated to the UPF using 

the neutron flux parameter, and the coding of the swelling law adapted to allow for a 

shrinkage proportional to the applied neutron flux. The constant of proportionality 

used was set within Ansys™ allowing very simple changes in the swelling law and 

was set as the maximum amount of shrinkage seen from the start to the end of 

polymerisation. This value was taken from the literature to be 2% linearly. 

 

Two material models were compared for the elastic modulus of the cement. The first 

assumed simple proportionality between stress and strain with the modulus directly 

proportional to the degree of polymerisation. A second model was developed to 

include material plasticity. This model used a bilinear curve to determine cement 

stress from the applied shrinkage strain. The yield stress was calculated in the same 

manner as the shrinkage strain using a final value taken from four point bend tests 

carried out on CMW1 cement at the University of Southampton. 

 

 

Figure 8-1 - Bilinear stress-strain curve used for the cement modulus at the end of 

polymerisation. 
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8.3 Results 

 

Results were plotted as contours of the stress seen at the end of polymerisation and 

are shown in Figure 8-2. Models are labelled ‘a’ for the bilinear model and ‘b’ for the 

linear material model and ‘1’ or ’3’ in the figure labels refer to the 1st or 3rd principal 

stresses. In both models the 1st principal stress within the cement mantle was tensile 

and was oriented in the hoop direction and the 3rd principal stress within the cement 

mantle was predominantly compressive and was oriented in the radial direction. The 

peak value for the residual stress seen in the cement mantle after polymerisation using 

the bilinear material model was approximately 2.2MPa. The mode residual stress was 

approximately 1.5MPa. The peak stress predicted using a linearly elastic material 

model was 25MPa and the mode stress approximately 15MPa. 

 

The distribution of stresses observed at the end of polymerisation also shows a large 

difference between the two different models. The hoop stresses (1st principal stresses) 

show a proximal peak in the bilinear material model. In the linear material model the 

peak hoop stress is located more distally. The radial stresses (3rd principal stresses) 

show a very similar distribution in both models with the peak stresses located 

uniformly along the bone-cement interface and with a very small proximal to distal 

stress gradient. 
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Figure 8-2 - Contour plots of the 1st (1) and 3rd (3) principal stresses in the idealised stem cement 

mantle at the end of polymerisation. Model a uses a bilinear material model while model b uses a 

linear elastic model. 

 

Another difference between the two models was also noted. The bilinear material 

model exhibited higher stresses during the rapid polymerisation period than at the end 

of polymerisation. The peak stresses occurred at 309s into polymerisation and the 

peak 1st principal stresses (hoop stresses) were located in the external proximal corner 

of the cement mantle (shown in Figure 8-3). Figure 8-3 also shows that at this point in 

the polymerisation the 3rd principal stresses (radial stresses) were significantly higher 

than at the end and the peak values were located proximally on the internal side of the 

cement mantle. 
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Figure 8-3 - 1st principal (left) and 3rd principal (right) stresses at 309s into the polymerisation 
period (when peak in stress occurred). 
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8.4 Discussion 

 

The predicted residual stress was reduced by an order of magnitude with the bilinear 

material model compared to the linear elastic model. Also the stress distribution was 

altered dramatically by altering the material model. The peak stress for the bilinear 

model was located more proximally than for the elastic model. This could be related 

to regional differences in the rate of polymerisation of the cement. The thermal 

properties of the implanted femur mean that polymerisation is complete earliest in the 

distal cement mantle. The cement in the proximal femur, which is last to complete 

polymerisation, is therefore more constrained during the critical period when the rate 

of change of materials properties is the greatest, leading to higher residual stresses in 

this region. The stresses predicted by both models are within the range of those 

measured in experimental studies [1, 88, 99]. 

 

The reduction in stress in the latter stages of polymerisation may also be attributed to 

the stress gradient. Where a large polymerisation gradient is present stress may be 

built up in the fast curing area due to constrained shrinkage while when the slower 

portion shrinks the constraint may be removed and so stress may be relieved in the 

fast polymerising area. 

 

The value of peak stresses compared very well with experimentally determined values 

from Roques et al. and numerical studies from Orr et al. and Lennon et al. [58, 91, 

99]. 
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8.5 Comparison Model 

 

8.5.1 Introduction 

A second shrinkage model was generated for comparison with an alternative model 

published by Lennon et al. In their model, Lennon et al. calculated residual stresses 

by assuming they were identical to those induced by thermal contraction upon cooling 

of the cement from the peak temperature predicted during polymerisation. The model 

is a quasi-two-dimensional representation of a femoral component of a hip 

replacement and was generated in parallel with a physical model used to investigate 

the location of pre-load cracks within the cement mantle. 

 

8.5.2 Method 

The geometry was generated in 2D to save computational time and the mesh was 

created using 8 node quadrilateral elements. Thermal contact (discussed in Chapter 

4.4) was used to model the behaviour of the interfaces between cement and cancellous 

bone and between cement and stem. The mesh used is shown in Figure 8-4. The 

physical model of Lennon et al. consists of a steel stem with a 3-4mm cement mantle 

and a 2mm layer of foam to represent cancellous bone. Cortical bone was represented 

by an aluminium shell. The properties (both thermal and structural) were as those 

published by Lennon et al. and are shown in Table 8-2. 

 

Material Density 
(kg/m3) 

Thermal 
Conductivity 
(W/mK) 

Specific Heat 
Capacity 
(J/KgK) 

Youngs 
modulus (Pa) 

Poissons 
Ratio 

Cement 1190 0.18 1450 2.4e9 0.33 

Stem 7800 14 460 210e9 0.33 

Cancellous 
bone 

1300 0.29 2292 2e9 0.3 

Aluminium 2800 125.5 925 73e9 0.33 

Table 8-2 - Material properties for comparative model. 
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Figure 8-4 - Mesh for comparison model. 

 

Additional properties (contact and cement yield stress) were kept consistent with the 

model discussed in Chapter 8 - Bone Cement Shrinkage Modelling. 

 

8.5.3 Results 

The 1st and 3rd principal stresses at the end of polymerisation are shown in Figure 8-5. 

The maximum stresses are seen in the longitudinal direction. The maximum stresses 

are tensile on the internal surface of each side of the cement mantle and are 

compressive on the external surface. This pattern shows that the majority of the 

shrinkage is in the longitudinal direction (as would be expected) and the proximal 

curve causes the cement to try and straighten as it shrinks. 
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Figure 8-5 - 1st (left) and 3rd (right) principal stresses from comparative model at the end of 

polymerisation. 

 

Similarly to the idealised stem model the maximum stresses seen in the cement 

occurred during the rapid polymerisation period. The peak stresses were seen at 455s 

into polymerisation. At this time the peak 1st principal stress is 3.4MPa tensile and the 

peak 3rd principal stress is 5.9MPa compressive. The tensile stresses are located in the 

middle of the cement in the medial-lateral direction of the distal sections of the 

cement. 

 

 

Figure 8-6 - 1st (left) and 3rd (right) principal stresses from comparative model at 455s into 
polymerisation (when peak in stress occurred). 
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8.5.4 Discussion 

Lennon et al. reported stresses of between 1 and 7MPa after thermal shrinkage 

modelling. The principal direction of maximum stresses was in the longitudinal 

direction. Plots of the locations of pre-load cracks observed in the physical model are 

shown in Figure 8-7. 

 

The residual stress model used in this study agreed well with the stress predictions 

published by Lennon et al. The final magnitudes of the residual stress predicted by 

both studies, would not be high enough to produce the pre-load cracks observed 

however. During polymerisation the failure stress is likely to be lower than at the end 

and so it is conceivable that the cracks observed would be caused by the higher 

stresses experienced during rapid polymerisation. The location of the high stresses at 

this time agrees well with the observed pre-load crack locations in the published 

study. The majority of the cracks found are located in the distal section of the cement 

and towards the middle through the thickness. The tensile stresses predicted in the 

longitudinal direction would be likely to cause a similar pattern of cracks. 

 

 

Figure 8-7 - Pre-load cracks observed in physical model by Lennon et al. [58]. 
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8.6 Shrinkage Modelling Summary 

 

• Shrinkage strain was applied proportionally to the degree of polymerisation 

with a final value of 2% linearly. 

• Material properties were adjusted proportionally to the degree of 

polymerisation using final values measured experimentally. 

• A bilinear material model was used to approximate the plasticity of the cement 

and produced residual stresses closer to published, experimentally and 

numerically, determined values. 

• The bilinear material model changed the resulting stress field and produced a 

peak stress during polymerisation. 

• The shrinkage model was compared with results published by Lennon et al. 

[58]. 

• The stresses modelled gave a peak stress field similar in pattern to the most 

common pre-load crack location plots from Lennon’s experimental analysis. 
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9 Summary 
 

The National Joint Register for England and Wales revealed that in 2004, aseptic 

loosening was the cause of 58.5% of knee revision procedures and 78.8% of hip 

revision procedures [113]. Aseptic loosening has often been attributed to fatigue 

fracture of the bone cement mantle in cemented arthroplasty [6, 45, 84]. Furthermore, 

fatigue fracture has been shown to be accelerated by, among other material defects, 

residual stresses generated during the polymerisation process. In work by Lennon et 

al. residual stresses have been shown to be high enough to cause pre-load cracking in 

cement mantles [58]. 

 

Revision surgery carries with it not only a great deal of discomfort and associated 

stress for the patient concerned but also a high financial cost. Considering the 

statistics above, the 3367 hip revision operations which comprise the 78.8% cost the 

NHS approximately £22million (based on data from O’Shea et al.) [90]. It is clear that 

investment in producing better pre-clinical testing techniques for the design of 

improved prostheses is a sensible proposal. 

 

Pre-clinical testing techniques for cement mantle fatigue have been in use for some 

time and can be an important part of the design process. Techniques currently 

employed for bone cement include mechanical testing and now finite element 

modelling of fatigue crack growth and cement mantle damage [32, 52]. These tools 

can be used to rank new arthroplasty solutions in terms of their effects on cement 

fatigue failure. This may help in identifying poor implant designs and/or poor cement 

formulations based on the geometry and material properties. While the current finite 

element techniques are capable of ranking implant designs, life prediction models for 

the cement mantle require improvement before the quantitative results can be relied 

upon. It is important to note that when using computational techniques to model any 

experiment no factors are included unless the researching engineer specifically 

considers them and inserts coding to include them. When reproducing the fatigue of a 

total joint replacement a mechanical in-vitro test will automatically include the 

redistribution of stresses over time, the effects of residual stress, creep of materials 
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and any material defects which would be expected in the in-vivo environment. All of 

these considerations must be separately modelled when using any numerical 

technique. 

 

The literature review in this thesis showed several studies which have attempted to 

model the residual stress generation but which have either over-simplified the 

problem or have not considered all its aspects. Lennon et al. have produced models of 

both the temperature history and the residual stress generation during polymerisation 

of bone cement. The study included a reaction based method for the generation of a 

temperature and polymerisation history using equations published by Baliga et al. [7]. 

Residual stress was then calculated by assigning a thermal expansion coefficient to 

the cement elements and cooling from the peak temperature. This study has included 

more variables than most other work published to date. However, the method for 

simulating the residual stress generation uses an assumption of stress locking 

occurring at the point at which peak cement temperature is reached. Mechanical 

properties evolve throughout the polymerisation process and so cannot be assumed to 

be present from a specified point during the polymerisation process. 

 

Similar problems were observed in other areas considered in this thesis. Studies have 

been undertaken into the monitoring of material properties of bone cement during 

polymerisation. Viano et al. used an ultrasonic method to monitor attenuation and 

sonic velocity in order to derive the degree of polymerisation over time [122]. Carlson 

et al. used an approximation of the elastic modulus found using similar ultrasonic 

techniques to predict the degree of polymerisation [16]. These techniques both assume 

that the shear component is negligible which may not reflect the true behaviour of 

bone cement.  

 

The motivation for this project was provided by a desire to improve the current 

techniques used to predict residual stresses. Current fatigue models require residual 

stresses to be specified as initial conditions and it is hoped that by producing a reliable 

and easily adaptable model to do this pre-clinical testing of new arthroplasty designs 

can be improved. 
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In the present project several new computational and experimental methods have been 

investigated and developed. These include models of the thermal and shrinkage 

behaviour and experimental methods for determining the mechanical properties of 

curing bone cement. Ultrasonic testing of the cement during polymerisation had 

previously only been performed to provide data on the timing of the rapid 

polymerisation period. This project has shown the potential for measuring a broad 

spectrum of complex mechanical properties as well as density using an ultrasonic 

technique employing both compressional and shear wave transducers. This technique 

has advantages over more traditional rheometry techniques such as an oscillatory 

rheometer as by using a low amplitude wave much less kinetic energy is introduced to 

the reacting mass. While further developments are required, this is a major step 

forward for monitoring fast setting materials of all kinds. 

 

The thermal model was adapted from work carried out by Borzacchiello et al. and 

was tested against an experimental model of polymerisation of bone cement in a 

bone-cement-implant construct [12]. The models showed good agreement with 

experiment only when interface nodes were duplicated and a proper contact model 

was used which included thermal contact conductance values. The thermal model was 

used to show the effect of stems at different initial temperatures on the temperature 

and cure histories within the cement mantle [14]. By using an implant at 50ºC the 

proximal-to-distal cure gradient observed with room temperature stems was seen to 

reverse. The model was also used in pre-clinical testing of femoral hip resurfacing 

implants and tibial tray knee implants to investigate the effect of different cement 

configurations and thicknesses on temperatures in the cement and surrounding bone. 

The model was shown to be particularly sensitive to the activation energy used in the 

cement polymerisation model. Other variables affected temperature and degree of 

polymerisation during cure by varying degrees and in the case of the rate variable n 

and the total heat liberation value Qtot only temperature and degree of polymerisation 

curves respectively were affected. 

 

Parameters used to drive the thermal finite element model were taken from the 

literature [12]. This model using as many physical variables as possible (i.e. the 

activation energy and reaction rate constants), the intent being to limit the empirical 

nature of the model in order that these variables may be tuned to the curing kinetics of 
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different cement brands with minimal effort. DSC measurements were carried out in 

accordance with the method published by Starink and analysis was carried out to 

establish the activation energy using an innovative technique [109]. This technique 

uses DSC tests carried out at constant rates of temperature which is more physically 

relevant to in-vivo polymerisation conditions than the isothermal tests carried out in 

previous studies. Although the characteristics of the cement polymerisation reaction 

make it difficult to handle using these methods, as explained by Starink in a later 

paper [108], fitting techniques enabled a reasonable match between model and 

experimental data to be obtained. Although a general fit that enabled the accurate 

modelling of cement cure under all conditions was not possible, it was possible to 

‘tune’ the model to the individual case being examined such that good results were 

obtained. Different parameters are likely to be needed to model large masses of 

cement and thin cement mantles, for example. 

 

In order to determine mechanical property evolution during the polymerisation 

process, ultrasonic testing techniques were developed in collaboration with the 

Mechanical Engineering Department of University College London. While ultrasound 

has been used in previous studies to monitor the progress of the polymerisation 

reaction, the new techniques allow the determination of a much wider variety of 

mechanical properties than has previously been described. The technique was shown 

to be sound in principle, however problems with combining separate tests prevented 

the use of final results in any modelling of the mechanical property evolution. Further 

work should be aimed at unifying the compressional and shear wave tests in order to 

develop a method useful for the monitoring of many fast setting grouts, adhesives and 

composite matrices. 

 

The thermal model served two purposes; firstly the temperature at the cement-bone 

interface and within the bone could be determined and the likelihood of thermal 

necrosis predicted, secondly a curve for the degree of polymerisation for the entire 

reaction could be generated. The polymerisation curve could then be used as a 

baseline to relate all mechanical parameters during a mechanical model of the cement 

shrinkage. Shrinkage of the cement was modelled using an algorithm designed for 

modelling the swelling behaviour of materials. Both shrinkage and the mechanical 

properties of the cement were assumed to be proportional to the degree of 
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polymerisation. For example, the elastic modulus was assumed to start at a very low 

level to simulate the initial fluid state and rise to the experimentally determined value 

of 2.5GPa when the cement was fully polymerised. The elastic modulus was found to 

be an important variable. Linear elastic models were found to generate high levels of 

residual stress and so the material model was modified to include a yield point and 

“almost perfectly plastic” post-yield behaviour. The resulting bilinear material model 

produced a residual stress contour with a peak stress after polymerisation of 2.2MPa 

in the hoop direction for the idealised stem model. This value of peak stress compared 

very well with experimentally determined values from Roques et al. and numerical 

studies from Orr et al. and Lennon et al. [58, 91, 99]. The model was then used in a 

geometrically similar model to Lennon et al. and resulting residual stress plots were 

compared with the pre-loading crack distributions observed by Lennon. Results 

agreed well with these data. Also the pattern of predicted stresses during rapid 

polymerisation agreed well with pre-load crack patterning reported from physical 

experiments in the same study. Stresses were predicted to be of greater magnitude 

during rapid polymerisation than at the end of polymerisation. This phenomenon may 

be as a result of gradients of fast and slow polymerising areas of cement within the 

cement mantle. 

 

Because this method of generating residual stresses uses the reaction of the cement to 

drive the shrinkage rather than a quasi-thermal or press-fit technique the technique 

can be used on any given situation and would require little adaptation. Also the 

technique does not assume stress locking occurs at a particular time  

 

A tensile test of polymerising bone cement was used as a comparison for the results of 

the residual stress model. The results from each were dramatically different although 

the model was producing results which would be expected from a 2% linear 

shrinkage. It was concluded that the test was an unfair comparison as the friction 

between the surfaces of the mould and the cement sample were not measurable and 

therefore were neglected from the finite element model. The frictional forces appeared 

to be larger than anticipated and so it was concluded that they would need to be 

included in any similar finite element model for any fair comparison. 
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10 Further Work 
 

The modelling techniques described in this thesis for predicting residual stresses in 

acrylic bone cement agree well with other published data. The model does have some 

limitations however: 

 

The material testing techniques discussed in Chapter 6 - Ultrasonic Cure Monitoring 

show promise, but require further development before the results could be used in 

modelling. A major improvements is anticipated by using both shear and compressive 

transducers simultaneously on a single specimen of cement to enable accurate 

synthesis of the shear and compressive data. 

 

The polymerisation model used in the preceding work has been employed because it 

uses relatively few empirical values compared to others available in the literature and 

it was anticipated that comparisons between different cement brands would thereby be 

made simpler. The work discussed in Chapter 5 - Measurement of PMMA Curing 

Parameters Using Differential Scanning Calorimetry (DSC) has identified a possible 

need for the model to be ‘tuned’ for each individual scenario due to differences in the 

heat output curve during polymerisation for different rates of temperature increase. 

Alternatively the model used may be revised to allow for these differences between 

different geometries and/or boundary conditions. 

 

The residual stress model is deterministic and takes no account of the effects of 

material defects and stress raisers such as porosity and agglomerates of barium 

sulphate. These effects should be investigated and this could be achieved using a 

Monte-Carlo technique to model random distributions and sizes of defect, such as the 

method used by Jeffers [50]. 

The models for predicting both the stresses and temperatures during polymerisation 

may be used for any application of bone cement. Realistic geometry can be generated 

using CT data such as those shown in Chapters 4.6 and 4.7. This geometry can then 
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be used to investigate the effects of different implant geometry as well as several 

other variables. 

 

The method used for material property determination may be used in similar 

applications for alternative materials. This work has identified a new method for 

monitoring the material property evolution of fast curing materials. This may have 

application in adhesive and cast material monitoring. 
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Appendix I – Model Drawings and Dimensions 

 

Figure 1 - Concentric cylinders thermal model geometry. 
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Figure 2 - Idealised stem thermal model geometry. 
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Figure 3 - Experimental idealised stem thermal model geometry. 
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Appendix II – Finite Element Modelling and Results 

Processing Codes 
 

Thermal model of idealised stem with 2mm cement mantle 
 
!*******************************************Begin Thermal Phase****************************************** 
 
DAlph=0.025        !max amount of change in degree of cure allowed in one increment 
Alphinit=6e-6      !initial degree of polymerisation 
Qtot=1.55e8        !total amount of heat liberated per unit volume of cement (w/m2) 
ConvCoef=10.0      !convection coefficient   (W/m2-K) 
K0=9.1574          !ln(K0) taken from Harper model  (CMW1) 
Ea_R=3763          !Ea/R taken from Harper model  (CMW1) 
n=1.064            !n taken from Harper model  (CMW1) 
m=0.98             !taken from Harper model  (CMW1) 
TCCCS=5500         !Thermal contact conductance between cement and stem taken from Fried (W/m2-K) 
TCCCB=375          !Thermal contact conductance between cement and bone taken from Fried (W/m2-K) 
 
Densinit=0.94e3    !density of uncured cement   (kg/m3) 
Dens=1.183e3       !density of cured cement   (kg/m3) 
Cond=0.2           !thermal conductivity of cement (assumed constant)   (W/m-K) 
CemPois=0.3        !poissons ratio of cement 
CemEinit=25e6      !initial value of cement young's modulus (Pa) 
 
StmCond=14.6       !thermal conductivity of stem (W/m-K) 
StmSPC=450         !specific heat capacity of Stem (J/kg-K) 
StmDens=8870       !density of stem (kg/m3) 
StmPois=0.3        !poisson's ratio of stem 
StmE=200e9         !stiffness of stem (Pa) 
 
BoneCond=0.38      !conductivity of cortical bone taken from Chato (1965) (W/m-K) 
BoneSPC=1260       !specific heat capacity of cortical bone taken from Henschel (1943) (J/kg-K) 
BoneDens=2100      !density of cortical bone taken from Henschel (1943) (kg/m3) 
BonePois=0.3       !poisson's ratio of cortical bone 
BoneE=17e9         !stiffness of cortical bone (Pa) 
 
Stoptime=2000      !time at which polymerisation is assumed to have finished   (s) 
Ctime=0.001        !time at which calculations start   (s) 
Tinit=296          !initial temperature of bulk (room temperature)   (K) 
BodyTemp=310       !body temperature   (K) 
StemTemp=296       !stem temperature   (K) 
Tref=273           !zero celsius   (K) 
DTinit=0.003       !initial timestep size   (s) 
DTmax=25           !maximum timestep size   (s) 
 
/PREP7 
MPTEMP,,,,,,,,   
MPTEMP,1,0   
MPDATA,KXX,1,,0.2                     !taken from Baliga 
MPTEMP,,,,,,,,  
MPTEMP,1,0 
MPDATA,DENS,1,,Densinit                   !taken from Baliga (needs to be found later based on alpha) 
MPTEMP,,,,,,,,  
MPTEMP,1,0 
MPDATA,NUXY,1,,CemPois                ! 
MPTEMP,,,,,,,,  
MPTEMP,1,0 
MPDATA,EX,1,,CemEinit                 ! 
MPTEMP,,,,,,,,   
MPTEMP,1,273   
MPTEMP,2,573 
MPDATA,C,1,1,1250                      ! 
MPDATA,C,1,2,3200                      !taken from Baliga 
MPTEMP,,,,,,,, 
MPTEMP,1,0 
MPDATA,KXX,2,,StmCond                 !taken from Allegheny ludlum 316L stainless (on matweb) 
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MPTEMP,,,,,,,, 
MPTEMP,1,0 
MPDATA,DENS,2,,StmDens                !taken from Allegheny ludlum 316L stainless (on matweb) 
MPTEMP,,,,,,,,  
MPTEMP,1,0 
MPDATA,NUXY,2,,StmPois                ! 
MPTEMP,,,,,,,,  
MPTEMP,1,0 
MPDATA,EX,2,,StmE                     ! 
MPTEMP,,,,,,,, 
MPTEMP,1,0 
MPDATA,C,2,,StmSPC                    !taken from Allegheny ludlum 316L stainless (on matweb) 
MPTEMP,,,,,,,, 
MPTEMP,1,0 
MPDATA,KXX,3,,BoneCond 
MPTEMP,,,,,,,, 
MPTEMP,1,0 
MPDATA,DENS,3,,BoneDens 
MPTEMP,,,,,,,,  
MPTEMP,1,0 
MPDATA,NUXY,3,,BonePois                ! 
MPTEMP,,,,,,,,  
MPTEMP,1,0 
MPDATA,EX,3,,BoneE                     ! 
MPTEMP,,,,,,,, 
MPTEMP,1,0 
MPDATA,C,3,,BoneSPC 
*SET,neck_l,30e-3                     !length of stem neck protruding from top of model 
*SET,neck_w,9e-3                      !width of stem neck 
*SET,cem_th,2e-3                      !thickness of cement mantle 
*SET,bone_th,5e-3                     !thickness of bone 
*SET,stem_l,110e-3                    !length from bottom of stem neck to stem tip 
*SET,bone_l,30e-3                     !length of bonepotruding from bottom of model 
*SET,stem_w,4.5e-3                    !radius of stem at stem tip 
N,1,stem_w+cem_th,0,0    
N,2,stem_w+cem_th+bone_th,0,0    
N,3,0,bone_l,0   
N,4,stem_w,bone_l,0  
N,5,stem_w+cem_th,bone_l,0   
N,6,stem_w+cem_th+bone_th,bone_l,0   
N,7,0,bone_l+stem_l,0    
N,8,neck_w,bone_l+stem_l,0   
N,9,neck_w+cem_th,bone_l+stem_l,0 
N,10,neck_w+cem_th+bone_th,bone_l+stem_l,0   
N,11,0,bone_l+stem_l+neck_l,0    
N,12,neck_w,bone_l+stem_l+neck_l,0 
FLST,3,12,1,ORDE,2   
FITEM,3,1    
FITEM,3,-12  
KNODE,0,P51XA,1,2,6,5 
A,1,2,6,5 
A,3,4,8,7 
A,4,5,9,8 
A,5,6,10,9 
A,7,8,12,11 
ASEL,S,,,1 
AATT,3 
ASEL,S,,,2 
AATT,2 
ASEL,S,,,3 
AATT,1 
ASEL,S,,,4 
AATT,3 
ASEL,S,,,5 
AATT,2 
ALLSEL 
 
!*   
ET,1,MESH200 
KEYOPT,1,1,6 
!*   
ET,2,SOLID90 
!*   
TYPE,   1    
REAL,    
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ESYS,       0    
SECNUM,  
!*   
/UI,MESH,OFF 
FLST,5,2,4,ORDE,2    
FITEM,5,9    
FITEM,5,11   
CM,_Y,LINE   
LSEL, , , ,P51X  
CM,_Y1,LINE  
CMSEL,,_Y    
!*   
LESIZE,_Y1, , ,10, , , , ,1  
!*   
FLST,5,4,4,ORDE,4    
FITEM,5,6    
FITEM,5,8    
FITEM,5,10   
FITEM,5,12   
CM,_Y,LINE   
LSEL, , , ,P51X  
CM,_Y1,LINE  
CMSEL,,_Y    
!*   
LESIZE,_Y1, , ,45, , , , ,1 
!* 
FLST,5,4,4,ORDE,4    
FITEM,5,2    
FITEM,5,4    
FITEM,5,14   
FITEM,5,16   
CM,_Y,LINE   
LSEL, , , ,P51X  
CM,_Y1,LINE  
CMSEL,,_Y    
!*   
LESIZE,_Y1, , ,3, , , , ,1 
!* 
MSHAPE,0,2D  
MSHKEY,1 
!*   
CM,_Y,AREA   
ASEL, , , ,       3  
CM,_Y1,AREA  
CHKMSH,'AREA'    
CMSEL,S,_Y   
!*   
AMESH,_Y1    
!*   
CMDELE,_Y    
CMDELE,_Y1   
CMDELE,_Y2   
!*   
TYPE,   1    
REAL,    
ESYS,       0    
SECNUM,  
!*   
FLST,5,2,5,ORDE,2    
FITEM,5,2    
FITEM,5,5    
CM,_Y,AREA   
ASEL, , , ,P51X  
CM,_Y1,AREA  
CHKMSH,'AREA'    
CMSEL,S,_Y   
!*   
AMESH,_Y1    
!*   
CMDELE,_Y    
CMDELE,_Y1   
CMDELE,_Y2   
!*   
TYPE,   1    
REAL,    
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ESYS,       0    
SECNUM,  
!*   
FLST,5,2,5,ORDE,2    
FITEM,5,1    
FITEM,5,4    
CM,_Y,AREA   
ASEL, , , ,P51X  
CM,_Y1,AREA  
CHKMSH,'AREA'    
CMSEL,S,_Y   
!*   
AMESH,_Y1    
!*   
CMDELE,_Y    
CMDELE,_Y1   
CMDELE,_Y2   
!*   
/UI,MESH,OFF 
TYPE,   2    
EXTOPT,ESIZE,10,0,    
EXTOPT,ACLEAR,1  
!*   
EXTOPT,ATTR,0,0,0    
REAL,_Z4 
ESYS,0   
!*  
FLST,2,5,5,ORDE,2    
FITEM,2,1    
FITEM,2,-5   
FLST,8,2,3   
FITEM,8,3    
FITEM,8,11   
VROTAT,P51X, , , , , ,P51X, ,180,1,    
 
 
NUMMRG,ALL                           !Merge coincident nodes 
NUMCMP,ALL                           !Relabel nodes continuously 
 
 
FLST,3,1,6,ORDE,1                     ! 
FITEM,3,3     ! 
VGEN,2,P51X, , , , , , ,0    !Generate new copy of cement for contact analysis 
VCLEAR,       3   ! 
VDELE,       3, , ,1  ! 
 
NUMCMP,ALL   
 
 
! /COM, CONTACT PAIR CREATION - START  
CM,_NODECM,NODE  
CM,_ELEMCM,ELEM  
CM,_LINECM,LINE  
CM,_AREACM,AREA  
! /GSAV,cwz,gsav,,temp 
MP,MU,1, 
MAT,1    
MP,EMIS,1,   
R,3  
REAL,3   
ET,3,170 
ET,4,174 
R,3,,,1.0,0.1,0, 
RMORE,,,1.0E20,0.0,1.0,  
RMORE,0.0,TCCCS,1.0,,1.0,0.5 
RMORE,0,1.0,1.0,0.0, 
KEYOPT,4,4,0 
KEYOPT,4,5,3 
KEYOPT,4,7,0 
KEYOPT,4,8,0 
KEYOPT,4,9,0 
KEYOPT,4,10,1    
KEYOPT,4,11,0    
KEYOPT,4,12,0    
KEYOPT,4,2,0 



Appendix II – Finite Element Modelling and Results Processing Codes  

 216 

KEYOPT,3,5,0 
KEYOPT,4,1,2 
! Generate the target surface    
ASEL,S,,,11  
CM,_TARGET,AREA  
TYPE,3   
NSLA,S,1 
ESLN,S,0 
ESURF,ALL    
CMSEL,S,_ELEMCM  
! Generate the contact surface   
ASEL,S,,,24  
CM,_CONTACT,AREA 
TYPE,4   
NSLA,S,1 
ESLN,S,0 
ESURF,ALL    
ALLSEL   
ESEL,ALL 
ESEL,S,TYPE,,3   
ESEL,A,TYPE,,4   
ESEL,R,REAL,,3   
! /PSYMB,ESYS,1    
! /PNUM,TYPE,1 
! /NUM,1   
! EPLOT    
ESEL,ALL 
ESEL,S,TYPE,,3   
ESEL,A,TYPE,,4   
ESEL,R,REAL,,3   
CMSEL,A,_NODECM  
CMDEL,_NODECM    
CMSEL,A,_ELEMCM  
CMDEL,_ELEMCM    
CMSEL,S,_LINECM  
CMDEL,_LINECM    
CMSEL,S,_AREACM  
CMDEL,_AREACM    
! /GRES,cwz,gsav   
CMDEL,_TARGET    
CMDEL,_CONTACT   
! /COM, CONTACT PAIR CREATION - END    
 
!Repeat contact pair generation for all contact surfaces required 
 
NUMCMP,ALL                           !Relabel nodes continuously 
 
VSEL,S,VOLU,,5                 !picks cement volumes 
NSLV,S,1                       !selects associated nodes 
CM,CEMNODES,NODE               !assigns the cement nodes to component CEMNODES 
*GET,NCNode,NODE,0,COUNT       !finds number of cement nodes and assigns to NCNode 
 
VSEL,S,VOLU,,1,3,2             !picks bone volumes 
NSLV,S,1                       !selects associated nodes 
CM,BNNODES,NODE                !assigns the Bone nodes to component BNNODES 
 
VSEL,S,VOLU,,2,4,2             !picks Stem volumes 
NSLV,S,1                       !selects associated nodes 
CM,STNODES,NODE                !assigns the Stem nodes to component STNODES 
CMSEL,U,CEMNODES               !deselect cement nodes 
CMSEL,U,BNNODES                !deselect stem nodes 
CM,STMNODES,NODE               !assigns the stem nodes to component STMNODES 
*GET,NSNode,NODE,0,COUNT       !finds number of Stem nodes and assigns to NSNode 
ALLSEL 
CMSEL,U,CEMNODES               !deselect cement nodes 
CMSEL,U,STNODES                !deselect stem nodes 
CM,BONNODES,NODE               !assigns the stem nodes to component BONNODES 
*GET,NBNode,NODE,0,COUNT       !finds number of Bone nodes and assigns to NBNode 
 
ALLSEL                         !selects everything 
 
VSEL,S,VOLU,,1,3,2             !picks bone volumes 
ESLV,S,1                       !selects associated elements 
ESEL,U,TYPE,,3 
ESEL,U,TYPE,,4 
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CM,BONELEM,ELEM                !assigns the bone elements to component BONELEM 
EMODIF,ALL,MAT,3               !set the bone properties to material type 3 
 
VSEL,S,VOLU,,2,4,2             !picks stem volumes 
ESLV,S,1                       !selects associated elements 
ESEL,U,TYPE,,3 
ESEL,U,TYPE,,4 
CM,STMELEM,ELEM                !assigns the stem elements to component STMELEM 
EMODIF,ALL,MAT,2               !set the stem properties to material type 2 
 
ALLSEL 
 
 
*GET,NNode,NODE,0,COUNT        !finds total number of nodes and assigns to NNode 
ESEL,U,TYPE,,3 
ESEL,U,TYPE,,4 
*GET,NElem,ELEM,0,COUNT        !finds total number of Elements and assigns to NElem 
*DIM,AE,ARRAY,NElem            !dimensions an array AE of length NElem 
 
*DIM,ELEMNUM,ARRAY,NElem       !dimensions an array ELEMNUM of length NElem 
*DIM,ELEMTEMP,ARRAY,NElem      !dimensions an array ELEMTEMP of length NElem 
*DIM,ELEMMTRX,ARRAY,NElem,4    !dimensions an array ELEMMTRX of length NElem x 4 
 
PNGR,TMOD,10  
 VPLOT    
 /ANG, 1 ,30.000000,XS,1   
 /REP,FAST 
 /GSAVE,'Planar',' ',          !saves view settings 
 
FINISH 
 
 
/SOLU 
 
   *DIM,Temp1,ARRAY,NNode      !vector for temporary storage 
   *DIM,Temp2,ARRAY,NNode      !vector for temporary storage 
   *DIM,Temp3,ARRAY,NNode      !vector for temporary storage 
   *DIM,Temp4,ARRAY,NNode      !vector for temporary storage 
 
*DIM,Pars,ARRAY,NNode,4        !dimensions an array (NNode , 4) for parameters of all nodes 
 
*DIM,CPars,ARRAY,NCNode,4      !dimensions an array (NCNode , 4) for parameters of cement nodes 
 
*DIM,CemMask,ARRAY,Nnode       !mask vector for cement nodes 
*DIM,BonMask,ARRAY,Nnode       !mask vector for bone nodes 
*DIM,StemMask,ARRAY,Nnode      !mask vector for stem nodes 
*DIM,BeleMask,ARRAY,NElem      !Mask vector for Bone elements 
*DIM,SeleMask,ARRAY,NElem      !Mask vector for Stem elements 
 
CMSEL,S,CEMNODES 
*VGET,CemMask(1),NODE,,NSEL    !fill cement mask vector with cement nodes 
ALLSEL 
CMSEL,S,BONNODES 
*VGET,BonMask(1),NODE,,NSEL    !fill bone mask vector with bone nodes 
ALLSEL 
CMSEL,S,STMNODES 
*VGET,StemMask(1),NODE,,NSEL   !fill stem mask vector with bone nodes 
ALLSEL 
CMSEL,S,BONELEM 
*VGET,BeleMask(1),ELEM,,ESEL   !fill bone element mask vector with bone elements 
ALLSEL 
CMSEL,S,STMELEM 
*VGET,SeleMask(1),ELEM,,ESEL   !fill stem element mask vector with stem elements 
ALLSEL 
 
 
*VFILL,Pars(1,1),RAMP,1,1      !set numbers (1-NNode) for all nodes in Pars array 
*VFILL,ELEMNUM(1),RAMP,1,1     !Set numbers (1-NElem) for all elements in NUMELEM 
*VFILL,ELEMTEMP(1),RAMP,Tinit,0!set initial element temperatures in ELEMTEMP 
 
*VFILL,Pars(1,2),RAMP,Tinit,0  !set initial temperature in Pars array 
 
*VFILL,Pars(1,3),RAMP,0,0      !set initial degree of polymerisation in Pars array 
*VMASK,CemMask(1)              !performs the operation only for the cement nodes 
*VFILL,Pars(1,3),RAMP,Alphinit,0 !set initial degree of polymerisation in Pars array 
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!initial volumetric heat generation rate (S) must now be found 
 
  A0=1-Alphinit                                 !1-alpha 
  A1=A0**n                                      !(1-alpha)**n 
  A2=Alphinit**m                                !alpha**m 
  A=A1*A2                                       !alpha**m x (1-alpha)**n 
  B0=Ea_R/Tinit                                 !Ea/RT 
  B1=K0-B0                                      !ln(K0)-Ea/RT 
  K=exp(B1)                                     !e**(ln(K0)-Ea/RT)=K 
  S=K*A*Qtot                                    !K x (alpha**m x (1-alpha)**n) = S (Heat Generation Rate) 
  *VMASK,CemMask(1)                             !performs the operation only for the cement nodes 
  *VFILL,Pars(1,4),RAMP,S,0                     !enter heat generation rates into Pars array 
 
 
!stem Temperature must be applied to nodes 
 
*VMASK,StemMask(1)                              ! 
*VFUN,Temp1(1),COMP,Pars(1,1)                   !fills Temp1 with Stem node numbers 
*DO,COUNT,1,NSNode                              ! 
Pars(Temp1(COUNT),2)=StemTemp                   !puts stem temp into pars array for stem nodes initial conditions 
*ENDDO                                          ! 
 
!body Temperature must be applied to nodes 
 
*VMASK,BonMask(1)                               ! 
*VFUN,Temp1(1),COMP,Pars(1,1)                   !fills Temp1 with bone node numbers 
*DO,COUNT,1,NBNode                              ! 
Pars(Temp1(COUNT),2)=BodyTemp                   !puts body temp into pars array for bone nodes initial conditions 
*ENDDO                                          ! 
 
!heat generation rate must be applied to nodes 
 
*VMASK,CemMask(1)                               ! 
*VFUN,Temp1(1),COMP,Pars(1,1)                   !fills Temp1 with cement node numbers 
*VMASK,CemMask(1)                               ! 
*VFUN,Temp2(1),COMP,Pars(1,4)                   !fills Temp2 with cement node Heat Generation Rates 
 
*DO,COUNT,1,NCNode                              ! 
BF,Temp1(COUNT),HGEN,Temp2(COUNT)               !applies Heat Generation rates to respective nodes 
*ENDDO                                          ! 
 
 
 
DT=DTInit 
 
!solution loop must begin 
 
 
 
*DO,DUMMY,1,100000,1 
 
*IF,Ctime,LT,Stoptime,THEN                      !apply nodal temperatures 
 *DO,Count,1,Nnode 
  IC,Pars(Count,1),TEMP,Pars(Count,2) 
 *ENDDO 
 
!heat flow equations for temperature must be solved 
 
   OUTRES,,ALL   
   ANTYPE,4 
   TRNOPT,FULL  
   TIME,DT                                      !time at end of load step 
   NSUBST,5                                     !5 substeps to be taken in this load step 
   FLST,2,4,5,ORDE,4                            ! 
   FITEM,2,7                                    ! 
   FITEM,2,16                                   ! 
   FITEM,2,11                                   ! 
   FITEM,2,20                                   !applies body temperature to external surfaces of bone 
   /GO                                          ! 
   !*                                           ! 
   ASEL,S,AREA,,6,,,1                          ! 
   NSLA,S,1                                     !selects nodes associated with selected areas 
   D,ALL,TEMP,BodyTemp                          !applies the constant temperature condition to the bone surface 
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   ASEL,S,AREA,,15,,,1                           ! 
   NSLA,S,1                                     !selects nodes associated with selected areas 
   D,ALL,TEMP,BodyTemp                          !applies the constant temperature condition to the bone surface 
   ASEL,S,AREA,,18,,,1                          ! 
   SFA,ALL,,CONV,ConvCoef,Tinit                 !applies convection conditions 
   ASEL,S,AREA,,19,,,1                           ! 
   SFA,ALL,,CONV,ConvCoef,Tinit                 !applies convection conditions 
    
   !all other surfaces adiabatic by default 
   ALLSEL 
   KBC,1                                        !step boundary condition as opposed to ramped loading 
   CNVTOL,TEMP,50,0.0001                        !sets convergence values for temperature 
   CNVTOL,HEAT,100,0.0001                       !and heat flow 
   AUTOTS,ON                                    !specifies that automatic time stepping is to be used 
   OUTPR,BASIC,LAST                             !sets a printout of basic values at end of each load step 
 
SOLVE 
 
/POST1 
SET,LAST                                        !defines the data set to be read from the results file 
 
  *VGET,Pars(1,2),NODE,Pars(1,1),TEMP           !read in nodal temperatures to Pars array 
  *VMASK,CemMask(1)                             !performs the operation only for the cement nodes 
  *VOPER,Temp1(1),Pars(1,4),MULT,DT/Qtot        !calculate new value of alpha 
  *VOPER,Pars(1,3),Pars(1,3),ADD,Temp1(1)       !store alpha values in Pars array 
 *DO,Count,1,Nnode 
  *IF,Pars(Count,3),GT,1,THEN 
   Pars(Count,3)=1 
  *ENDIF 
 *ENDDO 
 
 
 *VMASK,BonMask(1) 
 *VFILL,Pars(1,3),RAMP,0,0 
 *VMASK,StemMask(1) 
 *VFILL,Pars(1,3),RAMP,0,0 
 
 
  !calculate heat generation rate S for each node based on current T and Alph 
 
  *VOPER,Temp1(1),1,SUB,Pars(1,3)               !1-alpha 
  *VFUN,Temp1(1),PWR,Temp1(1),n                 !(1-alpha)**n 
  *VFUN,Temp2(1),PWR,Pars(1,3),m                !alpha**m 
  *VOPER,Temp3(1),Temp1(1),MULT,Temp2(1)        !alpha**m x (1-alpha)**n 
  *VOPER,Temp1(1),Ea_R,DIV,Pars(1,2)            !Ea/RT 
  *VOPER,Temp1(1),K0,SUB,Temp1(1)               !ln(K0)-Ea/RT 
  *VFUN,Temp1(1),EXP,Temp1(1)                   !e**(ln(K0)-Ea/RT)=K 
  *VOPER,Pars(1,4),Temp3(1),MULT,Temp1(1)       !K x (alpha**m x (1-alpha)**n) = dalph/dt (polymerisation Rate) 
  *VOPER,Pars(1,4),Pars(1,4),MULT,Qtot          !dalph/dt x Qtot = S (heat generation rate) 
 
 !plot the temperature contour and save a copy of this plot (for animation purposes) 
 /SHOW,PNG    
 PNGR,COMP,1,-1   
 PNGR,ORIENT,HORIZ    
 /GFILE,800,  
 /GRESUME,'Planar',' ',' '    
 /CONTOUR,,,295,,343 
 !leave in next line for temperature plot 
  !PLNSOL,TEMP, ,0,   
 !plot the cure contour and save a copy of this plot (for animation purposes) 
 /CONTOUR,,,0,,1 
 
!Create array full of degree of polymerisation values for mechanical analysis 
  *GET,CELEM,ELEM,0,NUM,MIN 
  *DO,COUNT,1,NElem 
   *GET,N1,ELEM,CELEM,NODE,1 
   *GET,N2,ELEM,CELEM,NODE,2 
   *GET,N3,ELEM,CELEM,NODE,3 
   *GET,N4,ELEM,CELEM,NODE,4 
   *GET,N5,ELEM,CELEM,NODE,5 
   *GET,N6,ELEM,CELEM,NODE,6 
   *GET,N7,ELEM,CELEM,NODE,7 
   *GET,N8,ELEM,CELEM,NODE,8 
   div=8 
   *IF,N1,EQ,0,THEN 
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   N1=1 
   div=div-1 
   *ENDIF 
   *IF,N2,EQ,0,THEN 
   N2=1 
   div=div-1 
   *ENDIF 
   *IF,N3,EQ,0,THEN 
   N3=1 
   div=div-1 
   *ENDIF 
   *IF,N4,EQ,0,THEN 
   N4=1 
   div=div-1 
   *ENDIF 
   *IF,N5,EQ,0,THEN 
   N5=1 
   div=div-1 
   *ENDIF 
   *IF,N6,EQ,0,THEN 
   N6=1 
   div=div-1 
   *ENDIF 
   *IF,N7,EQ,0,THEN 
   N7=1 
   div=div-1 
   *ENDIF 
   *IF,N8,EQ,0,THEN 
   N8=1 
   div=div-1 
   *ENDIF 
   AE(CELEM)=(PARS(N1,3)+PARS(N2,3)+PARS(N3,3)+PARS(N4,3)+PARS(N5,3)+PARS(N6,3)+PARS(N7,3)+PARS(N8,3))/div 
!fills AE with degree of polymerisation values 
   *GET,CELEM,ELEM,CELEM,NXTH 
  *ENDDO 
*VMASK,BeleMask(1) 
 *VFILL,AE(1),RAMP,0,0 
*VMASK,SeleMask(1) 
 *VFILL,AE(1),RAMP,0,0 
 ETABLE,arg1, 
 *VPUT,AE(1),ELEM,1,ETAB,arg1 
 
ESEL,U,TYPE,,3,4 
 
!Leave in for cure plot 
 PLETAB,arg1 
 /REPLOT  
 /SHOW,CLOSE  
 /DEVICE,VECTOR,0 
 
allsel 
 
!Create array with element temperatures for mechanical analysis 
  *GET,CELEM,ELEM,0,NUM,MIN 
  *DO,COUNT,1,NElem 
   *GET,N1,ELEM,CELEM,NODE,1 
   *GET,N2,ELEM,CELEM,NODE,2 
   *GET,N3,ELEM,CELEM,NODE,3 
   *GET,N4,ELEM,CELEM,NODE,4 
   *GET,N5,ELEM,CELEM,NODE,5 
   *GET,N6,ELEM,CELEM,NODE,6 
   *GET,N7,ELEM,CELEM,NODE,7 
   *GET,N8,ELEM,CELEM,NODE,8 
   div=8 
   *IF,N1,EQ,0,THEN 
   N1=1 
   div=div-1 
   *ENDIF 
   *IF,N2,EQ,0,THEN 
   N2=1 
   div=div-1 
   *ENDIF 
   *IF,N3,EQ,0,THEN 
   N3=1 
   div=div-1 
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   *ENDIF 
   *IF,N4,EQ,0,THEN 
   N4=1 
   div=div-1 
   *ENDIF 
   *IF,N5,EQ,0,THEN 
   N5=1 
   div=div-1 
   *ENDIF 
   *IF,N6,EQ,0,THEN 
   N6=1 
   div=div-1 
   *ENDIF 
   *IF,N7,EQ,0,THEN 
   N7=1 
   div=div-1 
   *ENDIF 
   *IF,N8,EQ,0,THEN 
   N8=1 
   div=div-1 
   *ENDIF 
   
ELEMTEMP(CELEM)=(PARS(N1,2)+PARS(N2,2)+PARS(N3,2)+PARS(N4,2)+PARS(N5,2)+PARS(N6,2)+PARS(N7,2)+PARS(N8,2))/
div !fills ELEMTEMP with Temperature values 
   *GET,CELEM,ELEM,CELEM,NXTH 
  *ENDDO 
 
 
*MFUN,ELEMMTRX(1,1),COPY,ELEMNUM(1) 
*MFUN,ELEMMTRX(1,2),COPY,ELEMTEMP(1) 
*MFUN,ELEMMTRX(1,3),COPY,AE(1) 
ELEMMTRX(1,4)=Ctime 
*MWRITE,ELEMMTRX(1,1),File%DUMMY%,swell 
(F20.10) 
 
 FINISH 
 /SOLU 
 
!apply heat generation rate, S, to nodes 
 
  Smax=0 
  *VMASK,CemMask(1)                             ! 
  *VFUN,Temp1(1),COMP,Pars(1,1)                 !sets Temp1 as mask vector of cement node numbers 
  *VMASK,CemMask(1)                             ! 
  *VFUN,Temp2(1),COMP,Pars(1,4)                 !sets Temp2 as mask vector of cement node heat generation rates 
  *DO,Count,1,NCnode                            ! 
   BF,Temp1(Count),HGEN,Temp2(Count)            !applies heat generation rate to nodes 
   *IF,Temp2(Count),GT,Smax,THEN                ! 
   Smax=Temp2(Count)                            !finds the largest heat generation rate of all nodes 
   *ENDIF 
   *ENDDO 
 
 
 
!calculate appropriate time step 
 
  *IF,Smax,NE,0,THEN                            ! 
   DT=(DAlph*Qtot)/Smax                         !finds appropriate time step size 
  *IF,DT,GT,DTMax,THEN                          ! 
   DT=DTMax                                     ! 
  *ENDIF                                        ! 
  *ELSE                                         ! 
   DT=DTMax                                     ! 
  *ENDIF                                        ! 
   Ctime=Ctime+DT                               !finds current time 
 
 *ELSE 
  *EXIT 
 
 *ENDIF 
 
FINISH 
/PREP7 
 
!apply new material properties 
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*VMASK,AE(1)                                    !use AE array as a cement element mask vector 
*VFUN,Temp1(1),COMP,Pars(1,1)                   !fill temp1 with cement element numbers 
*DO,Count,1,NElem 
 *IF,AE(Count),GT,0,THEN 
! MP,EX,Count+3,AE(Count)*(2.5e9-CemEinit)+CemEinit 
! MP,NUXY,Count+3,0.3 
 MP,DENS,Count+3,AE(Count)*(Dens-Densinit)+Densinit 
 MP,KXX,Count+3,Cond 
 MPTEMP,,,,,,,, 
 MPTEMP,1,273   
 MPTEMP,2,573 
 MPDATA,C,Count+3,1,1250                       
 MPDATA,C,Count+3,2,3200 
 EMODIF,Count,MAT,Count+3 
 *ENDIF 
*ENDDO 
 
FINISH 
/SOLU 
 
*ENDDO                                          !loops for next time increment 
 
 
!close results file 
 *CFCLOS 
 
!*******************************************End of Thermal phase**************************************** 
/eof 
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Mechanical Analysis of Idealised stem with 2mm cement mantle 
 
!******************************************Begin Structural phase*************************************** 
 
DAlph=0.025        !max amount of change in degree of cure allowed in one increment 
Alphinit=6e-6      !initial degree of polymerisation 
Qtot=1.55e8        !total amount of heat liberated per unit volume of cement (w/m2) 
ConvCoef=10.0      !convection coefficient   (W/m2-K) 
K0=9.1574          !ln(K0) taken from Harper model  (CMW1) 
Ea_R=3763          !Ea/R taken from Harper model  (CMW1) 
n=1.064            !n taken from Harper model  (CMW1) 
m=0.98             !taken from Harper model  (CMW1) 
 
Densinit=0.94e3    !density of uncured cement mix    (kg/m3) 
Dens=1.183e3       !density of cured cement    (kg/m3) 
Cond=0.2           !thermal conductivity of cement (assumed constant)   (W/m-K) 
CemPois=0.3        !poissons ratio of cement 
CemEinit=2.5e7     !initial value of cement young's modulus (Pa) 
CemE=2.5e9         !final value of cement youngs modulus  (Pa) 
 
StmCond=14.6       !thermal conductivity of stem (W/m-K) 
StmSPC=450         !specific heat capacity of Stem (J/kg-K) 
StmDens=8870       !density of stem (kg/m3) 
StmPois=0.3        !poisson's ratio of stem 
StmE=200e9         !stiffness of stem (Pa) 
 
BoneCond=0.38      !conductivity of cortical bone taken from Chato (1965) (W/m-K) 
BoneSPC=1260       !specific heat capacity of cortical bone taken from Henschel (1943) (J/kg-K) 
BoneDens=2100      !density of cortical bone taken from Henschel (1943) (kg/m3) 
BonePois=0.3       !poisson's ratio of cortical bone 
BoneE=17e9         !stiffness of cortical bone (Pa) 
 
Stoptime=2000      !time at which polymerisation is assumed to have finished   (s) 
Ctime=0.001        !time at which calculations start   (s) 
Tinit=296          !initial temperature of bulk (room temperature)   (K) 
BodyTemp=310       !body temperature   (K) 
StemTemp=310       !stem temperature   (K) 
Tref=273           !zero celsius   (K) 
DTinit=0.003       !initial timestep size   (s) 
DTmax=25           !maximum timestep size   (s) 
 
/PREP7 
MPTEMP,,,,,,,,   
MPTEMP,1,0   
MPDATA,KXX,1,,0.2                     !taken from Baliga 
MPTEMP,,,,,,,,  
MPTEMP,1,0 
MPDATA,DENS,1,,Densinit               !taken from Baliga (needs to be found later based on alpha) 
MPTEMP,,,,,,,,  
MPTEMP,1,0 
MPDATA,NUXY,1,,CemPois                ! 
MPTEMP,,,,,,,,  
MPTEMP,1,0 
MPDATA,EX,1,,CemEinit                 ! 
MPTEMP,,,,,,,,   
MPTEMP,1,273   
MPTEMP,2,573 
MPDATA,C,1,1,1250                      ! 
MPDATA,C,1,2,3200                      !taken from Baliga 
MPTEMP,,,,,,,, 
MPTEMP,1,0 
MPDATA,KXX,2,,StmCond                 !taken from Allegheny ludlum 316L stainless (on matweb) 
MPTEMP,,,,,,,, 
MPTEMP,1,0 
MPDATA,DENS,2,,StmDens                !taken from Allegheny ludlum 316L stainless (on matweb) 
MPTEMP,,,,,,,,  
MPTEMP,1,0 
MPDATA,NUXY,2,,StmPois                ! 
MPTEMP,,,,,,,,  
MPTEMP,1,0 
MPDATA,EX,2,,StmE                     ! 
MPTEMP,,,,,,,, 
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MPTEMP,1,0 
MPDATA,C,2,,StmSPC                    !taken from Allegheny ludlum 316L stainless (on matweb) 
MPTEMP,,,,,,,, 
MPTEMP,1,0 
MPDATA,KXX,3,,BoneCond 
MPTEMP,,,,,,,, 
MPTEMP,1,0 
MPDATA,DENS,3,,BoneDens 
MPTEMP,,,,,,,,  
MPTEMP,1,0 
MPDATA,NUXY,3,,BonePois                ! 
MPTEMP,,,,,,,,  
MPTEMP,1,0 
MPDATA,EX,3,,BoneE                     ! 
MPTEMP,,,,,,,, 
MPTEMP,1,0 
MPDATA,C,3,,BoneSPC 
*SET,neck_l,30e-3                     !length of stem neck protruding from top of model 
*SET,neck_w,9e-3                      !width of stem neck 
*SET,cem_th,2e-3                      !thickness of cement mantle 
*SET,bone_th,5e-3                     !thickness of bone 
*SET,stem_l,110e-3                    !length from bottom of stem neck to stem tip 
*SET,bone_l,30e-3                     !length of bonepotruding from bottom of model 
*SET,stem_w,4.5e-3                    !radius of stem at stem tip 
N,1,stem_w+cem_th,0,0    
N,2,stem_w+cem_th+bone_th,0,0    
N,3,0,bone_l,0   
N,4,stem_w,bone_l,0  
N,5,stem_w+cem_th,bone_l,0   
N,6,stem_w+cem_th+bone_th,bone_l,0   
N,7,0,bone_l+stem_l,0    
N,8,neck_w,bone_l+stem_l,0   
N,9,neck_w+cem_th,bone_l+stem_l,0 
N,10,neck_w+cem_th+bone_th,bone_l+stem_l,0   
N,11,0,bone_l+stem_l+neck_l,0    
N,12,neck_w,bone_l+stem_l+neck_l,0 
FLST,3,12,1,ORDE,2   
FITEM,3,1    
FITEM,3,-12  
KNODE,0,P51XA,1,2,6,5 
A,1,2,6,5 
A,3,4,8,7 
A,4,5,9,8 
A,5,6,10,9 
A,7,8,12,11 
ASEL,S,,,1 
AATT,3 
ASEL,S,,,2 
AATT,2 
ASEL,S,,,3 
AATT,1 
ASEL,S,,,4 
AATT,3 
ASEL,S,,,5 
AATT,2 
ALLSEL 
 
!*   
ET,1,MESH200 
KEYOPT,1,1,6 
!*   
ET,2,SOLID95 
!*   
TYPE,   1    
REAL,    
ESYS,       0    
SECNUM,  
!*   
/UI,MESH,OFF 
FLST,5,2,4,ORDE,2    
FITEM,5,9    
FITEM,5,11   
CM,_Y,LINE   
LSEL, , , ,P51X  
CM,_Y1,LINE  
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CMSEL,,_Y    
!*   
LESIZE,_Y1, , ,10, , , , ,1  
!*   
FLST,5,4,4,ORDE,4    
FITEM,5,6    
FITEM,5,8    
FITEM,5,10   
FITEM,5,12   
CM,_Y,LINE   
LSEL, , , ,P51X  
CM,_Y1,LINE  
CMSEL,,_Y    
!*   
LESIZE,_Y1, , ,45, , , , ,1 
!* 
FLST,5,4,4,ORDE,4    
FITEM,5,2    
FITEM,5,4    
FITEM,5,14   
FITEM,5,16   
CM,_Y,LINE   
LSEL, , , ,P51X  
CM,_Y1,LINE  
CMSEL,,_Y    
!*   
LESIZE,_Y1, , ,3, , , , ,1 
!* 
MSHAPE,0,2D  
MSHKEY,1 
!*   
CM,_Y,AREA   
ASEL, , , ,       3  
CM,_Y1,AREA  
CHKMSH,'AREA'    
CMSEL,S,_Y   
!*   
AMESH,_Y1    
!*   
CMDELE,_Y    
CMDELE,_Y1   
CMDELE,_Y2   
!*   
TYPE,   1    
REAL,    
ESYS,       0    
SECNUM,  
!*   
FLST,5,2,5,ORDE,2    
FITEM,5,2    
FITEM,5,5    
CM,_Y,AREA   
ASEL, , , ,P51X  
CM,_Y1,AREA  
CHKMSH,'AREA'    
CMSEL,S,_Y   
!*   
AMESH,_Y1    
!*   
CMDELE,_Y    
CMDELE,_Y1   
CMDELE,_Y2   
!*   
TYPE,   1    
REAL,    
ESYS,       0    
SECNUM,  
!*   
FLST,5,2,5,ORDE,2    
FITEM,5,1    
FITEM,5,4    
CM,_Y,AREA   
ASEL, , , ,P51X  
CM,_Y1,AREA  
CHKMSH,'AREA'    
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CMSEL,S,_Y   
!*   
AMESH,_Y1    
!*   
CMDELE,_Y    
CMDELE,_Y1   
CMDELE,_Y2   
!*   
/UI,MESH,OFF 
TYPE,   2    
EXTOPT,ESIZE,10,0,    
EXTOPT,ACLEAR,1  
!*   
EXTOPT,ATTR,0,0,0    
REAL,_Z4 
ESYS,0   
!*  
FLST,2,5,5,ORDE,2    
FITEM,2,1    
FITEM,2,-5   
FLST,8,2,3   
FITEM,8,3    
FITEM,8,11   
VROTAT,P51X, , , , , ,P51X, ,180,1,    
 
NUMMRG,ALL                           !Merge coincident nodes 
NUMCMP,ALL                           !Relabel nodes continuously 
 
 
FLST,3,1,6,ORDE,1                     ! 
FITEM,3,3     ! 
VGEN,2,P51X, , , , , , ,0    !Generate new copy of cement for contact analysis 
VCLEAR,       3   ! 
VDELE,       3, , ,1  ! 
 
NUMCMP,ALL   
 
! /COM, CONTACT PAIR CREATION - START  
CM,_NODECM,NODE  
CM,_ELEMCM,ELEM  
CM,_LINECM,LINE  
CM,_AREACM,AREA  
! /GSAV,cwz,gsav,,temp 
MP,MU,1,0.2  
MAT,1    
R,3  
REAL,3   
ET,3,170 
ET,4,174 
KEYOPT,4,9,0 
R,3, 
RMORE,   
RMORE,,0 
RMORE,0  
! Generate the target surface    
ASEL,S,,,11  
CM,_TARGET,AREA  
TYPE,3   
NSLA,S,1 
ESLN,S,0 
ESURF,ALL    
CMSEL,S,_ELEMCM  
! Generate the contact surface   
ASEL,S,,,24  
CM,_CONTACT,AREA 
TYPE,4   
NSLA,S,1 
ESLN,S,0 
ESURF,ALL    
ALLSEL   
ESEL,ALL 
ESEL,S,TYPE,,3   
ESEL,A,TYPE,,4   
ESEL,R,REAL,,3   
! /PSYMB,ESYS,1    
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! /PNUM,TYPE,1 
! /NUM,1   
! EPLOT    
ESEL,ALL 
ESEL,S,TYPE,,3   
ESEL,A,TYPE,,4   
ESEL,R,REAL,,3   
CMSEL,A,_NODECM  
CMDEL,_NODECM    
CMSEL,A,_ELEMCM  
CMDEL,_ELEMCM    
CMSEL,S,_LINECM  
CMDEL,_LINECM    
CMSEL,S,_AREACM  
CMDEL,_AREACM    
! /GRES,cwz,gsav   
CMDEL,_TARGET    
CMDEL,_CONTACT   
! /COM, CONTACT PAIR CREATION - END    
 
! /COM, CONTACT PAIR CREATION - START  
CM,_NODECM,NODE  
CM,_ELEMCM,ELEM  
CM,_LINECM,LINE  
CM,_AREACM,AREA  
! /GSAV,cwz,gsav,,temp 
MP,MU,1,0.2  
MAT,1    
R,4  
REAL,4   
ET,5,170 
ET,6,174 
KEYOPT,6,9,0 
R,4, 
RMORE,   
RMORE,,0 
RMORE,0  
! Generate the target surface    
ASEL,S,,,14  
CM,_TARGET,AREA  
TYPE,5   
NSLA,S,1 
ESLN,S,0 
ESURF,ALL    
CMSEL,S,_ELEMCM  
! Generate the contact surface   
ASEL,S,,,22  
CM,_CONTACT,AREA 
TYPE,6   
NSLA,S,1 
ESLN,S,0 
ESURF,ALL    
ALLSEL   
ESEL,ALL 
ESEL,S,TYPE,,5   
ESEL,A,TYPE,,6   
ESEL,R,REAL,,4   
! /PSYMB,ESYS,1    
! /PNUM,TYPE,1 
! /NUM,1   
! EPLOT    
ESEL,ALL 
ESEL,S,TYPE,,5   
ESEL,A,TYPE,,6   
ESEL,R,REAL,,4   
CMSEL,A,_NODECM  
CMDEL,_NODECM    
CMSEL,A,_ELEMCM  
CMDEL,_ELEMCM    
CMSEL,S,_LINECM  
CMDEL,_LINECM    
CMSEL,S,_AREACM  
CMDEL,_AREACM    
! /GRES,cwz,gsav   
CMDEL,_TARGET    
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CMDEL,_CONTACT   
! /COM, CONTACT PAIR CREATION - END    
  
!Repeat contact pair generation for all relevant surfaces 
 
NUMCMP,ALL 
 
 
VSEL,S,VOLU,,5                 !picks cement volumes 
NSLV,S,1                       !selects associated nodes 
CM,CEMNODES,NODE               !assigns the cement nodes to component CEMNODES 
*GET,NCNode,NODE,0,COUNT       !finds number of cement nodes and assigns to NCNode 
 
VSEL,S,VOLU,,1,3,2             !picks bone volumes 
NSLV,S,1                       !selects associated nodes 
CM,BNNODES,NODE                !assigns the Bone nodes to component BNNODES 
 
VSEL,S,VOLU,,2,4,2             !picks Stem volumes 
NSLV,S,1                       !selects associated nodes 
CM,STNODES,NODE                !assigns the Stem nodes to component STNODES 
ALLSEL 
CMSEL,U,CEMNODES               !deselect cement nodes 
CMSEL,U,BNNODES                !deselect stem nodes 
CM,STMNODES,NODE               !assigns the stem nodes to component STMNODES 
*GET,NSNode,NODE,0,COUNT       !finds number of Stem nodes and assigns to NSNode 
ALLSEL 
CMSEL,U,CEMNODES               !deselect cement nodes 
CMSEL,U,STNODES                !deselect stem nodes 
CM,BONNODES,NODE               !assigns the stem nodes to component BONNODES 
*GET,NBNode,NODE,0,COUNT       !finds number of Bone nodes and assigns to NBNode 
 
ALLSEL                         !selects everything 
 
VSEL,S,VOLU,,1,3,2             !picks bone volumes 
ESLV,S,1                       !selects associated elements 
ESEL,U,TYPE,,3 
ESEL,U,TYPE,,4 
ESEL,U,TYPE,,5 
ESEL,U,TYPE,,6 
ESEL,U,TYPE,,7 
ESEL,U,TYPE,,8 
ESEL,U,TYPE,,9 
ESEL,U,TYPE,,10 
CM,BONELEM,ELEM                !assigns the bone elements to component BONELEM 
EMODIF,ALL,MAT,3               !set the bone properties to material type 3 
 
VSEL,S,VOLU,,2,4,2             !picks stem volumes 
ESLV,S,1                       !selects associated elements 
ESEL,U,TYPE,,3 
ESEL,U,TYPE,,4 
ESEL,U,TYPE,,5 
ESEL,U,TYPE,,6 
ESEL,U,TYPE,,7 
ESEL,U,TYPE,,8 
ESEL,U,TYPE,,9 
ESEL,U,TYPE,,10 
CM,STMELEM,ELEM                !assigns the stem elements to component STMELEM 
EMODIF,ALL,MAT,2               !set the stem properties to material type 2 
 
ALLSEL 
 
 
*GET,NNode,NODE,0,COUNT        !finds total number of nodes and assigns to NNode 
ESEL,U,TYPE,,3         !Deselects contact elements 
ESEL,U,TYPE,,4 
ESEL,U,TYPE,,5 
ESEL,U,TYPE,,6 
ESEL,U,TYPE,,7 
ESEL,U,TYPE,,8 
ESEL,U,TYPE,,9 
ESEL,U,TYPE,,10 
*GET,NElem,ELEM,0,COUNT        !finds total number of Elements and assigns to NElem 
*DIM,AE,ARRAY,NElem            !dimensions an array AE of length NElem 
 
*DIM,ELEMNUM,ARRAY,NElem       !dimensions an array ELEMNUM of length NElem 
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*DIM,ELEMTEMP,ARRAY,NElem      !dimensions an array ELEMTEMP of length NElem 
*DIM,ELEMMTRX,ARRAY,NElem,4    !dimensions an array ELEMMTRX of length NElem x 4 
*DIM,ELEMMTRX_1,ARRAY,NElem,4    !dimensions an array ELEMMTRX_1 of length NElem x 4 
*DIM,ELEMMTRX_2,ARRAY,NElem 
 
*DO,DUMMY,1,100000,1                             !Begin Solution Loop 
 
ALLSEL 
 
/solu 
 
*VREAD,ELEMMTRX_1,File%DUMMY%,swell,,JIK,4,NElem   !Read in Element Matrix 
(F20.10) 
 
*VOPER,ELEMMTRX(1,3),ELEMMTRX_1(1,3),SUB,ELEMMTRX_2(1) !Calculates the amount of cure that has taken place in last 
timestep 
*VFUN,ELEMMTRX(1,1),COPY,ELEMMTRX_1(1,1)        ! 
*VFUN,ELEMMTRX(1,2),COPY,ELEMMTRX_1(1,2)        !Moves all relevant data into ELEMMTRX for this time step. 
*VFUN,ELEMMTRX(1,4),COPY,ELEMMTRX_1(1,4)        ! 
*VFUN,ELEMMTRX_2(1),COPY,ELEMMTRX_1(1,3) 
 
Ctime=ELEMMTRX(1,4) 
 
finish 
/prep7 
 
 *DO,Count,1,NElem 
 
  BFE,ELEMMTRX(Count,1),TEMP,,ELEMMTRX(Count,2)  !Apply element temperatures 
  BFE,ELEMMTRX(Count,1),FLUE,,ELEMMTRX(Count,3)  !Apply element degree of polymerisation as fluence (to be used in swelling 
calculation) 
 
 *IF,ELEMMTRX(Count,3),GT,0,THEN                 ! 
   MP,EX,Count+3,ELEMMTRX_1(Count,3)*(CemE-CemEinit)+CemEinit 
   MP,NUXY,Count+3,0.3 
   MP,DENS,Count+3,ELEMMTRX_1(Count,3)*(Dens-Densinit)+Densinit 
   TB,SWELL,Count+3                              !Activate Swelling option 
   TBDATA,67,0.02,1,,,,10                        !Set constants for use in swelling calculation (Last value, C72, must be kept as 10) 
   EMODIF,Count,MAT,Count+3 
 *ENDIF                                          !Recalculate and re-apply material properties for cement 
 
 *ENDDO    
 
DA,5,UX 
DA,5,UY 
DA,1,UZ 
DA,2,UZ 
DA,3,UZ 
DA,4,UZ 
DA,9,UZ 
DA,13,UZ 
DA,17,UZ 
DA,20,UZ 
DA,25,UZ 
DA,26,UZ 
DA,19,UY 
 
 
nsub,2 
 
finish 
/solu 
 
ESEL,U,TYPE,,3 
ESEL,U,TYPE,,4 
ESEL,U,TYPE,,5 
ESEL,U,TYPE,,6 
ESEL,U,TYPE,,7 
ESEL,U,TYPE,,8 
ESEL,U,TYPE,,9 
ESEL,U,TYPE,,10 
 
!ISWRITE,ON 
 
ALLSEL 
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SOLVE 
 
finish 
 
 
/post1 
 
CMSEL,U,STMELEM 
CMSEL,U,BONELEM 
ESEL,U,TYPE,,3 
ESEL,U,TYPE,,4 
ESEL,U,TYPE,,5 
ESEL,U,TYPE,,6 
ESEL,U,TYPE,,7 
ESEL,U,TYPE,,8 
ESEL,U,TYPE,,9 
ESEL,U,TYPE,,10 
! CMSEL,u,bonelem  
! cmsel,u,stmelem  
 /SHOW,PNG    
 PNGR,COMP,1,-1   
 PNGR,ORIENT,HORIZ    
 /GFILE,800,  
 /GRESUME,'Planar',' ',' '    
! /CONTOUR,,,0,,8969 
 /DSCALE,1,1.0 
 /GLINE,1,-1 
 PLNSOL,S,EQV,0,                   !plot von-mises stress distribution 
 PLMAT,'EX','AVG'                  !plot young's modulus distribution 
 PLMAT,'DENS','AVG'                !plot density distribution 
CMSEL,all 
allsel 
 PLNSOL,CONT,DIST                  !plot contact sliding distance 
 
*IF,Ctime+25,GT,Stoptime,THEN 
  *EXIT 
*ENDIF 
 
finish 
/sol 
ALLSEL 
 
ANTYPE,,rest 
 
finish 
 
*ENDDO 
!************************************************End of Structural Phase********************************* 
 
/EOF 
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USERSW altered coding (for shrinkage of polymerising cement) 
 
*deck,usersw           parallel            user                       pck dc 
      subroutine usersw (option,elem,intpt,mat,proptb,ncomp,epswel, 
     x epel,e,nuxy,fluen,dfluen,tem,dtem,toffst,timvll,timvnc,usvr) 
c 
c *** primary function:   allow users to write their own swelling laws. 
c                           this logic is accessed with c72 = 10 
c *** secondary function:    demonstrate the use of user-written swelling laws 
c 
c 
c         *** ansys(r) copyright(c) 2000 
c         *** ansys, inc. 
c *** Notice - This file contains ANSYS Confidential information *** 
c 
c  input arguments: 
c     option   (int,sc,in)       swelling option 
c     elem     (int,sc,in)       element number (label) 
c     intpt    (int,sc,in)       element integration point number 
c     mat      (int,sc,in)       material reference number 
c     proptb   (dp,ar(*),in)     nonlinear material table (tb commands) 
c     ncomp    (int,sc,in)       number of strain components (=1, 4, or 6) 
c                                   1 - truss or beam elements 
c                                   4 - 2-d solids and pipe elements 
c                                   6 - 3-d solids and most shells 
c     epswel   (dp,sc,inout)     total accumulated swelling strain 
c                                     before this substep 
c     epel     (dp,ar(ncomp),inout) elastic strain 
c     e        (dp,sc,in)        elastic modulus 
c     nuxy     (dp,sc,in)        poisson'S RATIO 
c     fluen    (dp,sc,in)        total fluence (bf or bfe commands) 
c     dfluen   (dp,sc,in)        increment in fluence for this substep 
c     tem      (dp,sc,in)        temperature (bf or bfe commands) 
c     dtem     (dp,sc,in)        increment in temperature for this substep 
c     toffst   (dp,sc,in)        offset of temperature scale from absolute zero 
c                                               (toffst command) 
c     timvll   (dp,sc,in)        time at the end of this substep 
c     timvnc   (dp,sc,in)        the increment of time this substep 
c     usvr     (dp,ar(*),inout)  user-defined state variables(optional) 
c 
c   output arguments: 
c     epswel   (dp,sc,inout)     total accumulated swelling strain 
c                                     after this substep 
c     epel     (dp,ar(ncomp),inout) elastic strain adjusted 
c                                                 for swelling increment 
c     usvr     (dp,ar(*),inout)  updated user-defined state variables 
c 
#include "impcom.inc" 
 
 
       external erhandler 
 
#include "stepcm.inc" 
      integer option,elem,intpt,mat,ncomp 
      double precision  proptb(*),epswel,epel(ncomp),e,nuxy, 
     x  fluen,dfluen,tem,dtem,toffst,timvll,timvnc,usvr(*), 
     x  delswl,eptot(3) 
c 
c 
c         the following conditions are checked before this routine is called 
c            proptb(67) and proptb(68) are not both zero 
c            fluen and dfluen are both positive 
c            (temp + toffst) is .gt. zero 
c            proptb(72) = 10 to activate user swelling option 
c 
c    *** the normal usage of the routine is for isotropic materials 
c 
      if (kfstps .eq. 1) then 
c 
         if (intpt .eq. 1) 
     Xcall erhandler('usersw',5000,2, 
     x 'A.Briscoe defined version of coding for USERSW has been used.' 
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     x ,0.0d0,' ') 
c 
 
      endif 
c 
c   *** customer should remove the below dummy logic when making any changes *** 
c     **** dummy logic to use unused variables **** 
c      delswl = option+elem+mat+ncomp 
c      delswl = epel(1)+e+nuxy+(tem+dtem+toffst)+(timvll-timvnc)+dfluen 
c      usvr(1) = usvr(1) 
c 
c      eptot(1) = epel(1) + epswel 
c      if (ncomp .gt. 1) then 
c         eptot(2) = epel(2) + epswel 
c         eptot(3) = epel(3) + epswel 
c      endif 
c 
c         ******* begin sample law **************************** 
c     *** swelling strain is a proportional function of fluence 
c     *** epswl = proptb(67)*fluen 
c     *** let delswl = d(epswel)/d(fluen) 
      delswl = -proptb(67)*fluen 
c write(80,*) proptb(67),fluen,delswl 
c         ******* end sample law 
c 
c     *** the next executable statement is true for all laws 
c     *** epswel(i) = epswel(i-1) + (d(epswel)/d(fluen))*dfluen 
c     *** where i is the iteration counter 
      epswel = epswel + delswl*dfluen 
c 
      epel(1) =  -epswel 
      if (ncomp .gt. 1) then 
         epel(2) = -epswel 
         epel(3) = -epswel 
      endif 
      return 
      end 
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Matlab coding for processing of ultrasonic results 

 
%read in the two files 
load -ascii CAprime2.mat    %compressional A' signal 
load -ascii CAB2.mat        %compressional A and B signals 
  
% choose the time slot 
cab25=CAB2(25,:); 
  
%enter thickness of specimen at chosen time slot 
T2=3.e-3; 
%specify the sampling interval in the freq domain, df (depends on N and 
dt) 
df=97656.25; %this current number is based on dt=10nsec and N=1024 in the 
FFT (df=1/Ndt) 
  
% do the proper scaling 
cab25=cab25.*(1/260); 
cab25=cab25.*(0.316); %depends on the particular attenuation setting at 
the chosen time slot compared with the reference  
  
% select the correct portion of trace - choosing the first echo from 
polyethylene/PMMA interface 
cp=CAprime2(70:365); 
cabA25=cab25(85:380); 
  
%select the second echo (from the PMMA/steel interface) 
cabB25=cab25(480:775); 
  
% apply zero-averaging 
mcp=mean(cp); 
mcabF25=mean(cabFst25); 
mcabS25=mean(cabsec25); 
for i=1:296, 
cabFst25(i)=cabFst25(i)-mcabF25; 
cabsec25(i)=cabsec25(i)-mcabS25; 
cp(i)=cp(i)-mcp; 
end 
  
%perform FFT 
fcp=fft(cp,1024); 
fcabFst25=fft(cabFst25,1024); 
fcabsec25=fft(cabsec25,1024); 
  
%obtain the magnitude spectrum 
acabFst25=abs(fcabFst25); 
acabsec25=abs(fcabsec25); 
acp=abs(fcp); 
  
%calculate the reflection coefficient R12 
R1225=acabFst25./acp; 
  
z1=2.046e+06; %<---- this is where z1 must be entered for polyethylene  
                     %(from Wu's paper or experimental measurements) 
  
%calculate the impedance for PMMA 
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for i=1:1024, 
z2(i)=(z1(1+R1225(i)))/(1-R1225(i)); 
end 
  
%enter impedance of steel 
z3=7890.*5790.; 
  
%calculate the reflection coeff for PMMA/steel interface 
R23=(z3-z2)./(z3+z2); 
  
%calculate ratio of second over first echo  
SovF=cabsec25./cab25; 
  
%calculate the attenuation (in nepers per meter per Hz) 
RR=((1-R1225^2)./R1225).*R23; 
alph2=(log(RR)-log(SovF))/2.*T2; 
  
%set up calculation of velocity and convert to angular frequency. 
for i=1;1024 
    w(i)=i*6.2831*df; 
    F(i)=alph2(i)./(w(i)^2); 
end 
  
%specify the reference velocity <-- this value is measured by looking at 
the separation between  
%the first and second echoes (i.e. polyethylene/PMMA interface echo and 
PMA/Steel interface echo) 
%(notice that the lower limit of the integration below is the frequency at 
which velocity = Vwo) 
Vwo=2550; 
  
% calculate velocity from attenuation using the Kramers-Kronig 
relationship 
for j=2:1025 
    V(j)=((F(j)+F(j-1))/2)*(w(j)-w(j-1)); 
    Vel2(j)=Vwo+(((2*Vwo)/pi)*sum(V(1:j)); 
end 
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Appendix III – Tables of results from Ultrasonic calculations 
 

  Rotational Frequency 

  14140848.13 14755667.62 15370487.1 15985306.59 16600126.07 17214945.55 17829765.04 18444584.52 19059404.01 19674223.49 20289042.97 20903862.46 

150 
3.3904e+009 
+1.9124e+008i 

3.3838e+009 
+1.8546e+008i 

3.3783e+009 
+1.8142e+008i 

3.378e+009 
+1.7956e+008i 

3.3807e+009 
+1.7947e+008i 

3.3788e+009 
+1.8043e+008i 

3.3679e+009 
+1.8262e+008i 

3.3503e+009 + 
1.868e+008i 

3.341e+009 
+1.9277e+008i 

3.3575e+009 +  
1.98e+008i 

3.3865e+009 
+2.0325e+008i 

3.3901e+009 
+2.1262e+008i 

180 
3.4238e+009 
+1.6999e+008i 

3.4242e+009 
+1.6657e+008i 

3.4224e+009 
+1.6632e+008i 

3.4183e+009 
+1.6832e+008i 

3.4135e+009 
+1.6988e+008i 

3.4084e+009 
+1.6958e+008i 

3.4028e+009 
+1.6957e+008i 

3.3953e+009 + 
1.734e+008i 

3.3882e+009 
+1.8368e+008i 

3.3899e+009 
+1.9804e+008i 

3.4039e+009 
+2.0857e+008i 

3.4157e+009 
+2.2701e+008i 

210 
3.4369e+009 
+1.8152e+008i 

3.4376e+009 
+1.8012e+008i 

3.4371e+009 
+1.8263e+008i 

3.4336e+009 
+1.8719e+008i 

3.4266e+009 
+1.8961e+008i 

3.4173e+009 + 
1.882e+008i 

3.4079e+009 
+1.8603e+008i 

3.3998e+009 
+1.8665e+008i 

3.3966e+009 
+1.9159e+008i 

3.4033e+009 
+1.9664e+008i 

3.4195e+009 
+1.9438e+008i 

3.4349e+009 
+1.9268e+008i 

240 
3.4056e+009 
+2.0454e+008i 

3.4052e+009 
+2.0631e+008i 

3.4033e+009 
+2.1126e+008i 

3.3974e+009 
+2.1667e+008i 

3.3878e+009 
+2.1796e+008i 

3.3769e+009 
+2.1543e+008i 

3.3678e+009 
+2.1356e+008i 

3.3617e+009 
+2.1511e+008i 

3.3601e+009 
+2.1941e+008i 

3.3642e+009 
+2.1937e+008i 

3.3711e+009 
+2.1234e+008i 

3.3722e+009 
+2.1132e+008i 

270 
3.3765e+009 +  
2.48e+008i 

3.3722e+009 
+2.5379e+008i 

3.3674e+009 
+2.6155e+008i 

3.3602e+009 
+2.6678e+008i 

3.351e+009 + 
2.657e+008i 

3.3409e+009 
+2.6229e+008i 

3.3321e+009 
+2.6129e+008i 

3.3256e+009 
+2.6331e+008i 

3.3236e+009 
+2.6376e+008i 

3.3284e+009 
+2.5436e+008i 

3.3373e+009 
+2.4101e+008i 

3.343e+009 
+2.3618e+008i 

300 
3.3823e+009 + 
3.338e+008i 

3.3764e+009 
+3.4254e+008i 

3.372e+009 
+3.4909e+008i 

3.3673e+009 
+3.4902e+008i 

3.3602e+009 
+3.4623e+008i 

3.3511e+009 
+3.4755e+008i 

3.3435e+009 
+3.5396e+008i 

3.3406e+009 
+3.5858e+008i 

3.3445e+009 + 
3.511e+008i 

3.3524e+009 
+3.3747e+008i 

3.3607e+009 
+3.3071e+008i 

3.3721e+009 
+3.3824e+008i 

315 
3.4535e+009 
+3.6525e+008i 

3.4488e+009 
+3.7116e+008i 

3.4469e+009 
+3.7329e+008i 

3.4442e+009 
+3.7012e+008i 

3.437e+009 
+3.6721e+008i 

3.4257e+009 
+3.6962e+008i 

3.416e+009 
+3.7634e+008i 

3.4131e+009 
+3.7916e+008i 

3.4186e+009 
+3.7423e+008i 

3.425e+009 
+3.7444e+008i 

3.4256e+009 
+3.8938e+008i 

3.4226e+009 
+4.2481e+008i 

320 
3.504e+009 
+3.6502e+008i 

3.5005e+009 
+3.6941e+008i 

3.5002e+009 
+3.7019e+008i 

3.499e+009 
+3.6655e+008i 

3.4925e+009 
+3.6353e+008i 

3.4809e+009 
+3.6517e+008i 

3.4698e+009 
+3.7008e+008i 

3.4655e+009 
+3.7166e+008i 

3.4704e+009 
+3.6882e+008i 

3.4782e+009 
+3.7435e+008i 

3.4802e+009 
+4.0271e+008i 

3.4765e+009 
+4.4896e+008i 

325 
3.8301e+009 + 
3.898e+008i 

3.8261e+009 
+3.9385e+008i 

3.8286e+009 + 
3.947e+008i 

3.8301e+009 
+3.9125e+008i 

3.8215e+009 
+3.8748e+008i 

3.8043e+009 
+3.8704e+008i 

3.7898e+009 
+3.8916e+008i 

3.7862e+009 
+3.8898e+008i 

3.7893e+009 
+3.8547e+008i 

3.7861e+009 + 
3.879e+008i 

3.7754e+009 + 
4.047e+008i 

3.7786e+009 
+4.2735e+008i 

330 
4.0626e+009 
+3.7506e+008i 

4.0603e+009 
+3.7755e+008i 

4.0573e+009 
+3.7733e+008i 

4.0539e+009 + 
3.743e+008i 

4.0482e+009 
+3.7186e+008i 

4.039e+009 
+3.7222e+008i 

4.0285e+009 
+3.7349e+008i 

4.0196e+009 + 
3.715e+008i 

4.0137e+009 
+3.6736e+008i 

4.0087e+009 
+3.7051e+008i 

4.0035e+009 
+3.8775e+008i 

4.0043e+009 
+4.0682e+008i 

335 
4.3507e+009 
+3.6725e+008i 

4.3598e+009 
+3.7072e+008i 

4.3656e+009 
+3.7123e+008i 

4.354e+009 
+3.6777e+008i 

4.3289e+009 + 
3.647e+008i 

4.3104e+009 + 
3.665e+008i 

4.3086e+009 
+3.7192e+008i 

4.3108e+009 
+3.7376e+008i 

4.3003e+009 
+3.6858e+008i 

4.2805e+009 
+3.6678e+008i 

4.2792e+009 
+3.8077e+008i 

4.3084e+009 
+4.0482e+008i 

340 
4.7317e+009 
+3.7205e+008i 

4.7296e+009 
+3.7505e+008i 

4.7403e+009 
+3.7478e+008i 

4.7434e+009 + 
3.712e+008i 

4.7218e+009 
+3.6812e+008i 

4.6869e+009 
+3.6849e+008i 

4.668e+009 + 
3.712e+008i 

4.6772e+009 
+3.7236e+008i 

4.6933e+009 
+3.7237e+008i 

4.686e+009 
+3.8016e+008i 

4.6682e+009 
+4.0515e+008i 

4.7021e+009 
+4.3564e+008i 

344 
5.3929e+009 
+3.8765e+008i 

5.3691e+009 
+3.9125e+008i 

5.3635e+009 
+3.9015e+008i 

5.3572e+009 
+3.8544e+008i 

5.3279e+009 
+3.8272e+008i 

5.2813e+009 
+3.8524e+008i 

5.2476e+009 
+3.9103e+008i 

5.2502e+009 
+3.9574e+008i 

5.2838e+009 
+4.0142e+008i 

5.3177e+009 
+4.2081e+008i 

5.343e+009 
+4.6952e+008i 

5.4025e+009 
+5.4279e+008i 

349 
6.2985e+009 
+4.0492e+008i 

6.2651e+009 
+4.0964e+008i 

6.2669e+009 
+4.0911e+008i 

6.2687e+009 
+4.0327e+008i 

6.2329e+009 
+3.9763e+008i 

6.1717e+009 
+3.9703e+008i 

6.1326e+009 
+4.0128e+008i 

6.1363e+009 
+4.0625e+008i 

6.1432e+009 
+4.1116e+008i 

6.0986e+009 
+4.2741e+008i 

6.0494e+009 
+4.7694e+008i 

6.1203e+009 
+5.5036e+008i 

355 
7.0332e+009 
+4.0043e+008i 

7.007e+009 
+4.0844e+008i 

7.0156e+009 
+4.1126e+008i 

7.0172e+009 
+4.0978e+008i 

6.971e+009 
+4.1002e+008i 

6.8908e+009 
+4.1671e+008i 

6.827e+009 
+4.2951e+008i 

6.8054e+009 
+4.4384e+008i 

6.7961e+009 
+4.5523e+008i 

6.7433e+009 
+4.6933e+008i 

6.6738e+009 + 
5.062e+008i 

6.7019e+009 + 
5.989e+008i 

360 
7.4634e+009 + 
3.855e+008i 

7.4402e+009 
+3.9186e+008i 

7.4613e+009 
+3.9027e+008i 

7.4776e+009 
+3.8387e+008i 

7.4357e+009 
+3.8097e+008i 

7.3472e+009 
+3.8662e+008i 

7.2723e+009 
+4.0001e+008i 

7.2459e+009 + 
4.166e+008i 

7.2342e+009 
+4.3234e+008i 

7.1662e+009 
+4.5108e+008i 

7.0734e+009 
+4.8409e+008i 

7.1114e+009 
+5.3368e+008i 

371 
7.7212e+009 
+3.8862e+008i 

7.7031e+009 
+3.9667e+008i 

7.7331e+009 
+3.9559e+008i 

7.7514e+009 
+3.8771e+008i 

7.6968e+009 
+3.8166e+008i 

7.5859e+009 + 
3.839e+008i 

7.4913e+009 
+3.9543e+008i 

7.458e+009 
+4.1362e+008i 

7.451e+009 
+4.3406e+008i 

7.3805e+009 
+4.5848e+008i 

7.2545e+009 
+5.0368e+008i 

7.2334e+009 
+5.9837e+008i 

380 
7.8705e+009 + 
3.954e+008i 

7.8506e+009 
+4.0455e+008i 

7.8827e+009 
+4.0414e+008i 

7.9094e+009 
+3.9696e+008i 

7.8622e+009 
+3.9148e+008i 

7.7476e+009 
+3.9329e+008i 

7.6349e+009 
+4.0269e+008i 

7.574e+009 
+4.1741e+008i 

7.5395e+009 
+4.3554e+008i 

7.4504e+009 
+4.6207e+008i 

7.3189e+009 
+5.1504e+008i 

7.3014e+009 
+6.2398e+008i 

390 
8.0301e+009 
+3.8523e+008i 

8.0191e+009 
+3.9407e+008i 

8.0629e+009 
+3.9285e+008i 

8.0962e+009 
+3.8506e+008i 

8.0456e+009 
+3.7897e+008i 

7.9241e+009 
+3.7882e+008i 

7.8156e+009 + 
3.833e+008i 

7.7805e+009 
+3.8924e+008i 

7.7862e+009 + 
3.956e+008i 

7.7265e+009 
+4.0714e+008i 

7.6083e+009 
+4.3044e+008i 

7.626e+009 
+4.6041e+008i 

400 
8.0636e+009 
+3.8996e+008i 

8.0429e+009 
+4.0002e+008i 

8.0881e+009 
+3.9989e+008i 

8.1405e+009 
+3.9266e+008i 

8.1162e+009 
+3.8645e+008i 

8.009e+009 
+3.8571e+008i 

7.8964e+009 
+3.8955e+008i 

7.8513e+009 
+3.9527e+008i 

7.8611e+009 
+4.0116e+008i 

7.8122e+009 
+4.0934e+008i 

7.6652e+009 
+4.2386e+008i 

7.5898e+009 
+4.4075e+008i 

420 
8.0682e+009 
+3.9655e+008i 

8.0513e+009 
+4.0718e+008i 

8.1095e+009 
+4.0618e+008i 

8.1783e+009 
+3.9852e+008i 

8.1672e+009 
+3.9338e+008i 

8.0737e+009 
+3.9397e+008i 

7.9844e+009 
+3.9771e+008i 

7.9703e+009 
+4.0165e+008i 

7.9953e+009 
+4.0626e+008i 

7.9284e+009 + 
4.154e+008i 

7.7673e+009 
+4.2946e+008i 

7.7475e+009 
+4.3871e+008i 

435 
8.0038e+009 
+3.9113e+008i 

7.9794e+009 
+4.0204e+008i 

8.0407e+009 
+4.0077e+008i 

8.1319e+009 
+3.9289e+008i 

8.1509e+009 
+3.8789e+008i 

8.0725e+009 
+3.8858e+008i 

7.9768e+009 
+3.9155e+008i 

7.9574e+009 
+3.9337e+008i 

8.0153e+009 
+3.9504e+008i 

8.0156e+009 
+4.0185e+008i 

7.8855e+009 
+4.1622e+008i 

7.805e+009 
+4.3139e+008i 

450 
8.1142e+009 
+3.9504e+008i 

8.0949e+009 
+4.0545e+008i 

8.1577e+009 
+4.0348e+008i 

8.25e+009 
+3.9541e+008i 

8.2753e+009 
+3.9124e+008i 

8.2084e+009 
+3.9337e+008i 

8.1228e+009 
+3.9752e+008i 

8.1047e+009 
+3.9969e+008i 

8.1591e+009 
+4.0144e+008i 

8.1698e+009 
+4.0909e+008i 

8.0674e+009 
+4.2376e+008i 

7.9773e+009 
+4.3288e+008i 

465 
8.0931e+009 
+3.9136e+008i 

8.0716e+009 
+4.0157e+008i 

8.1357e+009 
+3.9912e+008i 

8.2293e+009 
+3.9043e+008i 

8.2542e+009 
+3.8537e+008i 

8.1909e+009 
+3.8614e+008i 

8.1229e+009 
+3.8869e+008i 

8.1403e+009 
+3.8998e+008i 

8.2324e+009 + 
3.925e+008i 

8.2575e+009 
+4.0206e+008i 

8.1572e+009 
+4.1829e+008i 

8.1139e+009 
+4.2905e+008i 

480 
7.9989e+009 + 
3.799e+008i 

7.981e+009 
+3.9012e+008i 

8.05e+009 
+3.8838e+008i 

8.1529e+009 + 
3.805e+008i 

8.1941e+009 
+3.7591e+008i 

8.1523e+009 
+3.7703e+008i 

8.1026e+009 
+3.8006e+008i 

8.1207e+009 
+3.8151e+008i 

8.1854e+009 
+3.8276e+008i 

8.1694e+009 
+3.8902e+008i 

8.0503e+009 
+4.0157e+008i 

8.033e+009 
+4.1294e+008i 

510 
8.0914e+009 
+3.8763e+008i 

8.0651e+009 
+3.9759e+008i 

8.1345e+009 
+3.9498e+008i 

8.2505e+009 
+3.8677e+008i 

8.312e+009 
+3.8268e+008i 

8.2884e+009 
+3.8391e+008i 

8.2544e+009 
+3.8524e+008i 

8.2951e+009 
+3.8325e+008i 

8.3984e+009 
+3.8207e+008i 

8.4289e+009 
+3.8991e+008i 

8.3421e+009 
+4.0715e+008i 

8.3372e+009 
+4.1896e+008i 

540 
8.1438e+009 + 
3.917e+008i 

8.1201e+009 
+4.0136e+008i 

8.1978e+009 
+3.9823e+008i 

8.326e+009 
+3.8975e+008i 

8.3963e+009 
+3.8589e+008i 

8.3741e+009 
+3.8775e+008i 

8.3399e+009 
+3.8966e+008i 

8.3948e+009 
+3.8797e+008i 

8.5424e+009 
+3.8696e+008i 

8.6321e+009 
+3.9531e+008i 

8.5653e+009 
+4.1382e+008i 

8.4921e+009 
+4.2873e+008i 

570 
8.1091e+009 
+3.8771e+008i 

8.0818e+009 
+3.9664e+008i 

8.1608e+009 
+3.9289e+008i 

8.2972e+009 
+3.8446e+008i 

8.3796e+009 
+3.8107e+008i 

8.3692e+009 
+3.8314e+008i 

8.3462e+009 
+3.8476e+008i 

8.4113e+009 
+3.8271e+008i 

8.5594e+009 
+3.8159e+008i 

8.631e+009 
+3.8875e+008i 

8.5457e+009 
+4.0241e+008i 

8.509e+009 
+4.0993e+008i 

600 
8.1286e+009 
+3.7785e+008i 

8.1065e+009 
+3.8716e+008i 

8.1813e+009 
+3.8429e+008i 

8.3126e+009 
+3.7608e+008i 

8.3982e+009 + 
3.721e+008i 

8.3944e+009 + 
3.736e+008i 

8.3677e+009 
+3.7559e+008i 

8.4161e+009 
+3.7537e+008i 

8.559e+009 
+3.7749e+008i 

8.6667e+009 
+3.8925e+008i 

8.6353e+009 
+4.0903e+008i 

8.5925e+009 + 
4.219e+008i 

630 
8.1532e+009 
+3.8216e+008i 

8.134e+009 
+3.9126e+008i 

8.2101e+009 
+3.8807e+008i 

8.3376e+009 
+3.7932e+008i 

8.4181e+009 
+3.7469e+008i 

8.4204e+009 
+3.7583e+008i 

8.4194e+009 
+3.7817e+008i 

8.502e+009 
+3.7882e+008i 

8.6524e+009 
+3.8076e+008i 

8.7221e+009 
+3.8917e+008i 

8.6577e+009 
+4.0113e+008i 

8.6575e+009 
+4.0502e+008i 

660 
8.1644e+009 
+3.7841e+008i 

8.1454e+009 
+3.8795e+008i 

8.2179e+009 
+3.8527e+008i 

8.3443e+009 
+3.7661e+008i 

8.4308e+009 
+3.7191e+008i 

8.4403e+009 
+3.7332e+008i 

8.4365e+009 
+3.7626e+008i 

8.5055e+009 
+3.7716e+008i 

8.6501e+009 
+3.7885e+008i 

8.743e+009 
+3.8829e+008i 

8.7152e+009 + 
4.068e+008i 

8.7266e+009 
+4.2511e+008i 

690 
8.1995e+009 
+3.8038e+008i 

8.1852e+009 
+3.8985e+008i 

8.2624e+009 
+3.8697e+008i 

8.3887e+009 
+3.7835e+008i 

8.4683e+009 
+3.7401e+008i 

8.4692e+009 
+3.7576e+008i 

8.4642e+009 
+3.7854e+008i 

8.5446e+009 
+3.7873e+008i 

8.7049e+009 
+3.7994e+008i 

8.7948e+009 
+3.9006e+008i 

8.7321e+009 
+4.0915e+008i 

8.6986e+009 
+4.2329e+008i 

Ti
m

e 

720 
8.1777e+009 
+3.7595e+008i 

8.1644e+009 
+3.8599e+008i 

8.2421e+009 
+3.8299e+008i 

8.3702e+009 
+3.7363e+008i 

8.455e+009 
+3.6881e+008i 

8.4643e+009 
+3.7075e+008i 

8.4681e+009 
+3.7394e+008i 

8.5539e+009 
+3.7403e+008i 

8.717e+009 
+3.7512e+008i 

8.8184e+009 
+3.8702e+008i 

8.7934e+009 
+4.1035e+008i 

8.8238e+009 
+4.2381e+008i 

Table 1 - Values for Ec* or C11 
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  Rotational Frequency 

  14140848.13 14755667.62 15370487.1 15985306.59 16600126.07 17214945.55 17829765.04 18444584.52 19059404.01 19674223.49 20289042.97 20903862.46 

150             

180             

210             

240             

270             

300             

315             

320             

325             

330             

335             

340             

344             

349             

355             

360             

371             

380             

390             

400             

420             

435             

450             

465 
1.2664e+009 
+1.0235e+008i 

1.2905e+009 
+1.0353e+008i 

1.316e+009 
+1.0966e+008i 

1.342e+009 
+1.1867e+008i 

1.3767e+009 
+8.7091e+007i 

1.414e+009 
+7.9035e+007i 

1.4473e+009 
+1.1449e+008i 

1.4705e+009 
+6.4498e+007i 

1.4331e+009 
+4.0854e+007i 

1.2995e+009 
+4.2927e+007i 

1.1457e+009 
+3.7305e+007i 

1.1464e+009 
+1.8777e+007i 

480 
1.3523e+009 
+8.4865e+007i 

1.3332e+009 
+8.2857e+007i 

1.3596e+009 
+7.8962e+007i 

1.4171e+009 + 
7.221e+007i 

1.4851e+009 + 
7.003e+007i 

1.5461e+009 
+7.7323e+007i 

1.5889e+009 
+8.2481e+007i 

1.6097e+009 
+5.8526e+007i 

1.6037e+009 
+4.4616e+007i 

1.5665e+009 
+4.6753e+007i 

1.5039e+009 
+6.2931e+007i 

1.4696e+009 
+4.0665e+007i 

510 
1.7218e+009 + 
8.308e+007i 

1.7251e+009 
+8.4539e+007i 

1.8053e+009 + 
8.829e+007i 

1.9319e+009 + 
9.371e+007i 

2.0472e+009 
+9.8126e+007i 

2.0746e+009 
+9.4202e+007i 

1.9446e+009 
+7.7777e+007i 

1.6494e+009 
+5.7353e+007i 

1.3387e+009 + 
4.285e+007i 

1.6179e+009 
+5.2521e+007i 

2.3608e+009 
+9.6632e+007i 

2.5832e+009 
+1.2677e+008i 

540 
2.061e+009 
+9.3383e+007i 

2.0948e+009 
+1.0252e+008i 

2.2099e+009 
+1.1798e+008i 

2.3814e+009 
+1.3843e+008i 

2.5447e+009 
+1.5794e+008i 

2.5938e+009 
+1.5993e+008i 

2.414e+009 + 
1.266e+008i 

1.9701e+009 + 
8.418e+007i 

1.3909e+009 
+5.2154e+007i 

1.402e+009 
+5.1865e+007i 

2.4348e+009 
+1.0107e+008i 

3.3678e+009 
+7.4456e+007i 

570 
2.2999e+009 
+9.0643e+007i 

2.3653e+009 
+9.9017e+007i 

2.5337e+009 
+1.1812e+008i 

2.78e+009 + 
1.527e+008i 

3.0215e+009 
+2.0109e+008i 

3.1065e+009 
+2.0153e+008i 

2.8549e+009 
+1.5161e+008i 

2.2334e+009 + 
9.903e+007i 

1.4785e+009 
+5.5729e+007i 

1.554e+009 
+4.9766e+007i 

3.2547e+009 
+9.0582e+007i 

5.6453e+009 + 
2.891e+008i 

600 
2.5073e+009 
+8.7745e+007i 

2.5487e+009 
+9.4556e+007i 

2.6879e+009 
+1.1232e+008i 

2.9231e+009 
+1.4237e+008i 

3.2023e+009 
+1.6918e+008i 

3.391e+009 
+1.6555e+008i 

3.2725e+009 
+1.5737e+008i 

2.7055e+009 
+1.2843e+008i 

1.8475e+009 
+6.8932e+007i 

1.2943e+009 
+4.4326e+007i 

2.3276e+009 
+8.5159e+007i 

4.0709e+009 
+6.7941e+007i 

630 
2.6076e+009 + 
8.505e+007i 

2.6603e+009 
+9.0617e+007i 

2.8228e+009 
+1.0678e+008i 

3.1109e+009 
+1.3265e+008i 

3.49e+009 + 
1.478e+008i 

3.8109e+009 
+1.4123e+008i 

3.7596e+009 
+1.4004e+008i 

3.0694e+009 
+1.3805e+008i 

1.9688e+009 
+1.0741e+008i 

1.2266e+009 
+4.6847e+007i 

2.9177e+009 
+9.7645e+007i 

9.5909e+009 
+9.7942e+007i 

660 
2.6736e+009 
+8.3619e+007i 

2.727e+009 
+9.1671e+007i 

2.8872e+009 
+1.0931e+008i 

3.1618e+009 + 
1.312e+008i 

3.5028e+009 
+1.3811e+008i 

3.7527e+009 
+1.3143e+008i 

3.6322e+009 
+1.2983e+008i 

2.9527e+009 
+1.2951e+008i 

1.952e+009 
+1.0013e+008i 

1.3353e+009 
+6.4191e+007i 

2.5469e+009 
+1.2664e+008i 

5.4909e+009 
+1.0409e+008i 

690 
2.8168e+009 + 
8.304e+007i 

2.8794e+009 
+8.8842e+007i 

3.0337e+009 
+1.0404e+008i 

3.2954e+009 
+1.2692e+008i 

3.6364e+009 
+1.4426e+008i 

3.9363e+009 
+1.4716e+008i 

3.9416e+009 + 
1.504e+008i 

3.3975e+009 
+1.5059e+008i 

2.4093e+009 
+1.0797e+008i 

1.5379e+009 
+6.8304e+007i 

1.8754e+009 
+9.5368e+007i 

3.0206e+009 
+7.4206e+007i 

Ti
m

e 

720 
2.8637e+009 
+8.1166e+007i 

2.898e+009 
+8.6668e+007i 

3.0038e+009 
+1.0196e+008i 

3.2073e+009 
+1.2395e+008i 

3.5083e+009 
+1.2914e+008i 

3.8411e+009 
+1.1236e+008i 

4.0195e+009 
+1.0148e+008i 

3.7511e+009 
+1.0903e+008i 

2.9169e+009 
+1.3356e+008i 

1.9153e+009 
+1.0781e+008i 

1.5017e+009 
+5.7604e+007i 

1.9645e+009 
+5.0848e+007i 

Table 2 - Values for Es* or G* or C44 
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  Rotational Frequency 
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150 
3.3904e+009 
+1.9124e+008i 

3.3838e+009 
+1.8546e+008i 

3.3783e+009 
+1.8142e+008i 

3.378e+009 
+1.7956e+008i 

3.3807e+009 
+1.7947e+008i 

3.3788e+009 
+1.8043e+008i 

3.3679e+009 
+1.8262e+008i 

3.3503e+009 + 
1.868e+008i 

3.341e+009 
+1.9277e+008i 

3.3575e+009 +  
1.98e+008i 

3.3865e+009 
+2.0325e+008i 

3.3901e+009 
+2.1262e+008i 

180 
3.4238e+009 
+1.6999e+008i 

3.4242e+009 
+1.6657e+008i 

3.4224e+009 
+1.6632e+008i 

3.4183e+009 
+1.6832e+008i 

3.4135e+009 
+1.6988e+008i 

3.4084e+009 
+1.6958e+008i 

3.4028e+009 
+1.6957e+008i 

3.3953e+009 + 
1.734e+008i 

3.3882e+009 
+1.8368e+008i 

3.3899e+009 
+1.9804e+008i 

3.4039e+009 
+2.0857e+008i 

3.4157e+009 
+2.2701e+008i 

210 
3.4369e+009 
+1.8152e+008i 

3.4376e+009 
+1.8012e+008i 

3.4371e+009 
+1.8263e+008i 

3.4336e+009 
+1.8719e+008i 

3.4266e+009 
+1.8961e+008i 

3.4173e+009 + 
1.882e+008i 

3.4079e+009 
+1.8603e+008i 

3.3998e+009 
+1.8665e+008i 

3.3966e+009 
+1.9159e+008i 

3.4033e+009 
+1.9664e+008i 

3.4195e+009 
+1.9438e+008i 

3.4349e+009 
+1.9268e+008i 

240 
3.4056e+009 
+2.0454e+008i 

3.4052e+009 
+2.0631e+008i 

3.4033e+009 
+2.1126e+008i 

3.3974e+009 
+2.1667e+008i 

3.3878e+009 
+2.1796e+008i 

3.3769e+009 
+2.1543e+008i 

3.3678e+009 
+2.1356e+008i 

3.3617e+009 
+2.1511e+008i 

3.3601e+009 
+2.1941e+008i 

3.3642e+009 
+2.1937e+008i 

3.3711e+009 
+2.1234e+008i 

3.3722e+009 
+2.1132e+008i 

270 
3.3765e+009 +  
2.48e+008i 

3.3722e+009 
+2.5379e+008i 

3.3674e+009 
+2.6155e+008i 

3.3602e+009 
+2.6678e+008i 

3.351e+009 + 
2.657e+008i 

3.3409e+009 
+2.6229e+008i 

3.3321e+009 
+2.6129e+008i 

3.3256e+009 
+2.6331e+008i 

3.3236e+009 
+2.6376e+008i 

3.3284e+009 
+2.5436e+008i 

3.3373e+009 
+2.4101e+008i 

3.343e+009 
+2.3618e+008i 

300 
3.3823e+009 + 
3.338e+008i 

3.3764e+009 
+3.4254e+008i 

3.372e+009 
+3.4909e+008i 

3.3673e+009 
+3.4902e+008i 

3.3602e+009 
+3.4623e+008i 

3.3511e+009 
+3.4755e+008i 

3.3435e+009 
+3.5396e+008i 

3.3406e+009 
+3.5858e+008i 

3.3445e+009 + 
3.511e+008i 

3.3524e+009 
+3.3747e+008i 

3.3607e+009 
+3.3071e+008i 

3.3721e+009 
+3.3824e+008i 

315 
3.4535e+009 
+3.6525e+008i 

3.4488e+009 
+3.7116e+008i 

3.4469e+009 
+3.7329e+008i 

3.4442e+009 
+3.7012e+008i 

3.437e+009 
+3.6721e+008i 

3.4257e+009 
+3.6962e+008i 

3.416e+009 
+3.7634e+008i 

3.4131e+009 
+3.7916e+008i 

3.4186e+009 
+3.7423e+008i 

3.425e+009 
+3.7444e+008i 

3.4256e+009 
+3.8938e+008i 

3.4226e+009 
+4.2481e+008i 

320 
3.504e+009 
+3.6502e+008i 

3.5005e+009 
+3.6941e+008i 

3.5002e+009 
+3.7019e+008i 

3.499e+009 
+3.6655e+008i 

3.4925e+009 
+3.6353e+008i 

3.4809e+009 
+3.6517e+008i 

3.4698e+009 
+3.7008e+008i 

3.4655e+009 
+3.7166e+008i 

3.4704e+009 
+3.6882e+008i 

3.4782e+009 
+3.7435e+008i 

3.4802e+009 
+4.0271e+008i 

3.4765e+009 
+4.4896e+008i 

325 
3.8301e+009 + 
3.898e+008i 

3.8261e+009 
+3.9385e+008i 

3.8286e+009 + 
3.947e+008i 

3.8301e+009 
+3.9125e+008i 

3.8215e+009 
+3.8748e+008i 

3.8043e+009 
+3.8704e+008i 

3.7898e+009 
+3.8916e+008i 

3.7862e+009 
+3.8898e+008i 

3.7893e+009 
+3.8547e+008i 

3.7861e+009 + 
3.879e+008i 

3.7754e+009 + 
4.047e+008i 

3.7786e+009 
+4.2735e+008i 

330 
4.0626e+009 
+3.7506e+008i 

4.0603e+009 
+3.7755e+008i 

4.0573e+009 
+3.7733e+008i 

4.0539e+009 + 
3.743e+008i 

4.0482e+009 
+3.7186e+008i 

4.039e+009 
+3.7222e+008i 

4.0285e+009 
+3.7349e+008i 

4.0196e+009 + 
3.715e+008i 

4.0137e+009 
+3.6736e+008i 

4.0087e+009 
+3.7051e+008i 

4.0035e+009 
+3.8775e+008i 

4.0043e+009 
+4.0682e+008i 

335 
4.3507e+009 
+3.6725e+008i 

4.3598e+009 
+3.7072e+008i 

4.3656e+009 
+3.7123e+008i 

4.354e+009 
+3.6777e+008i 

4.3289e+009 + 
3.647e+008i 

4.3104e+009 + 
3.665e+008i 

4.3086e+009 
+3.7192e+008i 

4.3108e+009 
+3.7376e+008i 

4.3003e+009 
+3.6858e+008i 

4.2805e+009 
+3.6678e+008i 

4.2792e+009 
+3.8077e+008i 

4.3084e+009 
+4.0482e+008i 

340 
4.7317e+009 
+3.7205e+008i 

4.7296e+009 
+3.7505e+008i 

4.7403e+009 
+3.7478e+008i 

4.7434e+009 + 
3.712e+008i 

4.7218e+009 
+3.6812e+008i 

4.6869e+009 
+3.6849e+008i 

4.668e+009 + 
3.712e+008i 

4.6772e+009 
+3.7236e+008i 

4.6933e+009 
+3.7237e+008i 

4.686e+009 
+3.8016e+008i 

4.6682e+009 
+4.0515e+008i 

4.7021e+009 
+4.3564e+008i 

344 
5.3929e+009 
+3.8765e+008i 

5.3691e+009 
+3.9125e+008i 

5.3635e+009 
+3.9015e+008i 

5.3572e+009 
+3.8544e+008i 

5.3279e+009 
+3.8272e+008i 

5.2813e+009 
+3.8524e+008i 

5.2476e+009 
+3.9103e+008i 

5.2502e+009 
+3.9574e+008i 

5.2838e+009 
+4.0142e+008i 

5.3177e+009 
+4.2081e+008i 

5.343e+009 
+4.6952e+008i 

5.4025e+009 
+5.4279e+008i 

349 
6.2985e+009 
+4.0492e+008i 

6.2651e+009 
+4.0964e+008i 

6.2669e+009 
+4.0911e+008i 

6.2687e+009 
+4.0327e+008i 

6.2329e+009 
+3.9763e+008i 

6.1717e+009 
+3.9703e+008i 

6.1326e+009 
+4.0128e+008i 

6.1363e+009 
+4.0625e+008i 

6.1432e+009 
+4.1116e+008i 

6.0986e+009 
+4.2741e+008i 

6.0494e+009 
+4.7694e+008i 

6.1203e+009 
+5.5036e+008i 

355 
7.0332e+009 
+4.0043e+008i 

7.007e+009 
+4.0844e+008i 

7.0156e+009 
+4.1126e+008i 

7.0172e+009 
+4.0978e+008i 

6.971e+009 
+4.1002e+008i 

6.8908e+009 
+4.1671e+008i 

6.827e+009 
+4.2951e+008i 

6.8054e+009 
+4.4384e+008i 

6.7961e+009 
+4.5523e+008i 

6.7433e+009 
+4.6933e+008i 

6.6738e+009 + 
5.062e+008i 

6.7019e+009 + 
5.989e+008i 

360 
7.4634e+009 + 
3.855e+008i 

7.4402e+009 
+3.9186e+008i 

7.4613e+009 
+3.9027e+008i 

7.4776e+009 
+3.8387e+008i 

7.4357e+009 
+3.8097e+008i 

7.3472e+009 
+3.8662e+008i 

7.2723e+009 
+4.0001e+008i 

7.2459e+009 + 
4.166e+008i 

7.2342e+009 
+4.3234e+008i 

7.1662e+009 
+4.5108e+008i 

7.0734e+009 
+4.8409e+008i 

7.1114e+009 
+5.3368e+008i 

371 
7.7212e+009 
+3.8862e+008i 

7.7031e+009 
+3.9667e+008i 

7.7331e+009 
+3.9559e+008i 

7.7514e+009 
+3.8771e+008i 

7.6968e+009 
+3.8166e+008i 

7.5859e+009 + 
3.839e+008i 

7.4913e+009 
+3.9543e+008i 

7.458e+009 
+4.1362e+008i 

7.451e+009 
+4.3406e+008i 

7.3805e+009 
+4.5848e+008i 

7.2545e+009 
+5.0368e+008i 

7.2334e+009 
+5.9837e+008i 

380 
7.8705e+009 + 
3.954e+008i 

7.8506e+009 
+4.0455e+008i 

7.8827e+009 
+4.0414e+008i 

7.9094e+009 
+3.9696e+008i 

7.8622e+009 
+3.9148e+008i 

7.7476e+009 
+3.9329e+008i 

7.6349e+009 
+4.0269e+008i 

7.574e+009 
+4.1741e+008i 

7.5395e+009 
+4.3554e+008i 

7.4504e+009 
+4.6207e+008i 

7.3189e+009 
+5.1504e+008i 

7.3014e+009 
+6.2398e+008i 

390 
8.0301e+009 
+3.8523e+008i 

8.0191e+009 
+3.9407e+008i 

8.0629e+009 
+3.9285e+008i 

8.0962e+009 
+3.8506e+008i 

8.0456e+009 
+3.7897e+008i 

7.9241e+009 
+3.7882e+008i 

7.8156e+009 + 
3.833e+008i 

7.7805e+009 
+3.8924e+008i 

7.7862e+009 + 
3.956e+008i 

7.7265e+009 
+4.0714e+008i 

7.6083e+009 
+4.3044e+008i 

7.626e+009 
+4.6041e+008i 

400 
8.0636e+009 
+3.8996e+008i 

8.0429e+009 
+4.0002e+008i 

8.0881e+009 
+3.9989e+008i 

8.1405e+009 
+3.9266e+008i 

8.1162e+009 
+3.8645e+008i 

8.009e+009 
+3.8571e+008i 

7.8964e+009 
+3.8955e+008i 

7.8513e+009 
+3.9527e+008i 

7.8611e+009 
+4.0116e+008i 

7.8122e+009 
+4.0934e+008i 

7.6652e+009 
+4.2386e+008i 

7.5898e+009 
+4.4075e+008i 

420 
8.0682e+009 
+3.9655e+008i 

8.0513e+009 
+4.0718e+008i 

8.1095e+009 
+4.0618e+008i 

8.1783e+009 
+3.9852e+008i 

8.1672e+009 
+3.9338e+008i 

8.0737e+009 
+3.9397e+008i 

7.9844e+009 
+3.9771e+008i 

7.9703e+009 
+4.0165e+008i 

7.9953e+009 
+4.0626e+008i 

7.9284e+009 + 
4.154e+008i 

7.7673e+009 
+4.2946e+008i 

7.7475e+009 
+4.3871e+008i 

435 
8.0038e+009 
+3.9113e+008i 

7.9794e+009 
+4.0204e+008i 

8.0407e+009 
+4.0077e+008i 

8.1319e+009 
+3.9289e+008i 

8.1509e+009 
+3.8789e+008i 

8.0725e+009 
+3.8858e+008i 

7.9768e+009 
+3.9155e+008i 

7.9574e+009 
+3.9337e+008i 

8.0153e+009 
+3.9504e+008i 

8.0156e+009 
+4.0185e+008i 

7.8855e+009 
+4.1622e+008i 

7.805e+009 
+4.3139e+008i 

450 
8.1142e+009 
+3.9504e+008i 

8.0949e+009 
+4.0545e+008i 

8.1577e+009 
+4.0348e+008i 

8.25e+009 
+3.9541e+008i 

8.2753e+009 
+3.9124e+008i 

8.2084e+009 
+3.9337e+008i 

8.1228e+009 
+3.9752e+008i 

8.1047e+009 
+3.9969e+008i 

8.1591e+009 
+4.0144e+008i 

8.1698e+009 
+4.0909e+008i 

8.0674e+009 
+4.2376e+008i 

7.9773e+009 
+4.3288e+008i 

465 
6.4045e+009 
+2.5489e+008i 

6.351e+009 
+2.6353e+008i 

6.381e+009 + 
2.529e+008i 

6.44e+009 + 
2.322e+008i 

6.4187e+009 
+2.6925e+008i 

6.3057e+009 
+2.8076e+008i 

6.1932e+009 
+2.3604e+008i 

6.1796e+009 
+3.0398e+008i 

6.3216e+009 
+3.3803e+008i 

6.5248e+009 
+3.4482e+008i 

6.6296e+009 
+3.6855e+008i 

6.5853e+009 
+4.0401e+008i 

480 
6.1959e+009 
+2.6675e+008i 

6.2034e+009 
+2.7965e+008i 

6.2373e+009 + 
2.831e+008i 

6.2634e+009 
+2.8421e+008i 

6.2139e+009 
+2.8254e+008i 

6.0909e+009 
+2.7394e+008i 

5.9841e+009 
+2.7008e+008i 

5.9744e+009 
+3.0348e+008i 

6.0471e+009 
+3.2327e+008i 

6.0808e+009 
+3.2669e+008i 

6.0452e+009 
+3.1766e+008i 

6.0735e+009 
+3.5872e+008i 

510 
5.7957e+009 
+2.7685e+008i 

5.7649e+009 
+2.8487e+008i 

5.7275e+009 
+2.7726e+008i 

5.6746e+009 
+2.6182e+008i 

5.5824e+009 
+2.5184e+008i 

5.5223e+009 
+2.5831e+008i 

5.6616e+009 
+2.8153e+008i 

6.0959e+009 
+3.0678e+008i 

6.6134e+009 
+3.2494e+008i 

6.2717e+009 
+3.1988e+008i 

5.1944e+009 + 
2.783e+008i 

4.8929e+009 
+2.4994e+008i 

540 
5.3957e+009 
+2.6719e+008i 

5.327e+009 
+2.6466e+008i 

5.2512e+009 
+2.4093e+008i 

5.1507e+009 
+2.0517e+008i 

5.0033e+009 + 
1.753e+008i 

4.9157e+009 
+1.7451e+008i 

5.1211e+009 
+2.2087e+008i 

5.768e+009 
+2.7573e+008i 

6.6878e+009 
+3.1743e+008i 

6.7627e+009 
+3.2615e+008i 

5.3188e+009 
+2.7907e+008i 

4.0017e+009 
+3.2946e+008i 

570 
5.0426e+009 
+2.6685e+008i 

4.9282e+009 
+2.6461e+008i 

4.7825e+009 + 
2.354e+008i 

4.5905e+009 
+1.8086e+008i 

4.3509e+009 
+1.1295e+008i 

4.2273e+009 
+1.1443e+008i 

4.5398e+009 
+1.8261e+008i 

5.4334e+009 
+2.5067e+008i 

6.5881e+009 
+3.0729e+008i 

6.5589e+009 
+3.2239e+008i 

4.2061e+009 
+2.8163e+008i 

9.8193e+008 
+2.4468e+007i 

600 
4.7855e+009 
+2.6085e+008i 

4.7083e+009 
+2.6109e+008i 

4.5974e+009 
+2.3454e+008i 

4.4151e+009 
+1.8625e+008i 

4.1284e+009 
+1.4652e+008i 

3.8731e+009 
+1.5286e+008i 

4.0044e+009 
+1.6577e+008i 

4.8087e+009 
+2.0413e+008i 

6.0956e+009 
+2.8558e+008i 

6.941e+009 
+3.3015e+008i 

5.5319e+009 
+2.9549e+008i 

3.1646e+009 
+3.3131e+008i 

630 
4.6765e+009 
+2.6876e+008i 

4.5869e+009 
+2.7044e+008i 

4.4463e+009 + 
2.457e+008i 

4.1897e+009 
+2.0245e+008i 

3.7648e+009 
+1.7763e+008i 

3.3392e+009 
+1.8752e+008i 

3.4066e+009 
+1.9145e+008i 

4.4095e+009 
+1.9474e+008i 

6.0273e+009 
+2.3754e+008i 

7.0866e+009 
+3.2671e+008i 

4.7674e+009 
+2.7094e+008i 

-4.1303e+009 
+2.7443e+008i 

660 
4.5996e+009 
+2.6692e+008i 

4.5094e+009 
+2.6572e+008i 

4.3683e+009 
+2.3952e+008i 

4.1285e+009 
+2.0167e+008i 

3.7604e+009 
+1.8777e+008i 

3.4366e+009 
+1.9808e+008i 

3.5936e+009 
+2.0316e+008i 

4.5685e+009 
+2.0448e+008i 

6.0474e+009 
+2.4534e+008i 

6.9626e+009 + 
3.027e+008i 

5.3193e+009 
+2.3795e+008i 

1.4055e+009 
+2.8632e+008i 

690 
4.4438e+009 
+2.6966e+008i 

4.346e+009 
+2.7139e+008i 

4.2174e+009 
+2.4824e+008i 

3.9949e+009 
+2.0913e+008i 

3.6197e+009 
+1.8166e+008i 

3.2207e+009 
+1.7955e+008i 

3.2087e+009 
+1.7801e+008i 

4.0146e+009 
+1.7794e+008i 

5.4925e+009 
+2.3598e+008i 

6.7443e+009 
+2.9899e+008i 

6.2316e+009 
+2.8199e+008i 

4.671e+009 
+3.2435e+008i 

Ti
m

e 

720 
4.3594e+009 
+2.6773e+008i 

4.3004e+009 
+2.7043e+008i 

4.237e+009 
+2.4705e+008i 

4.0938e+009 
+2.0837e+008i 

3.7772e+009 
+1.9662e+008i 

3.3428e+009 
+2.2094e+008i 

3.1088e+009 
+2.3863e+008i 

3.5525e+009 
+2.2866e+008i 

4.8278e+009 
+1.9703e+008i 

6.2646e+009 
+2.4328e+008i 

6.7912e+009 
+3.3355e+008i 

6.2045e+009 
+3.5601e+008i 

Table 3 - Values for K* 
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  Rotational Frequency 

  14140848.13 14755667.62 15370487.1 15985306.59 16600126.07 17214945.55 17829765.04 18444584.52 19059404.01 19674223.49 20289042.97 20903862.46 

150 
3.3904e+009 
+1.9124e+008i 

3.3838e+009 
+1.8546e+008i 

3.3783e+009 
+1.8142e+008i 

3.378e+009 
+1.7956e+008i 

3.3807e+009 
+1.7947e+008i 

3.3788e+009 
+1.8043e+008i 

3.3679e+009 
+1.8262e+008i 

3.3503e+009 + 
1.868e+008i 

3.341e+009 
+1.9277e+008i 

3.3575e+009 +  
1.98e+008i 

3.3865e+009 
+2.0325e+008i 

3.3901e+009 
+2.1262e+008i 

180 
3.4238e+009 
+1.6999e+008i 

3.4242e+009 
+1.6657e+008i 

3.4224e+009 
+1.6632e+008i 

3.4183e+009 
+1.6832e+008i 

3.4135e+009 
+1.6988e+008i 

3.4084e+009 
+1.6958e+008i 

3.4028e+009 
+1.6957e+008i 

3.3953e+009 + 
1.734e+008i 

3.3882e+009 
+1.8368e+008i 

3.3899e+009 
+1.9804e+008i 

3.4039e+009 
+2.0857e+008i 

3.4157e+009 
+2.2701e+008i 

210 
3.4369e+009 
+1.8152e+008i 

3.4376e+009 
+1.8012e+008i 

3.4371e+009 
+1.8263e+008i 

3.4336e+009 
+1.8719e+008i 

3.4266e+009 
+1.8961e+008i 

3.4173e+009 + 
1.882e+008i 

3.4079e+009 
+1.8603e+008i 

3.3998e+009 
+1.8665e+008i 

3.3966e+009 
+1.9159e+008i 

3.4033e+009 
+1.9664e+008i 

3.4195e+009 
+1.9438e+008i 

3.4349e+009 
+1.9268e+008i 

240 
3.4056e+009 
+2.0454e+008i 

3.4052e+009 
+2.0631e+008i 

3.4033e+009 
+2.1126e+008i 

3.3974e+009 
+2.1667e+008i 

3.3878e+009 
+2.1796e+008i 

3.3769e+009 
+2.1543e+008i 

3.3678e+009 
+2.1356e+008i 

3.3617e+009 
+2.1511e+008i 

3.3601e+009 
+2.1941e+008i 

3.3642e+009 
+2.1937e+008i 

3.3711e+009 
+2.1234e+008i 

3.3722e+009 
+2.1132e+008i 

270 
3.3765e+009 +  
2.48e+008i 

3.3722e+009 
+2.5379e+008i 

3.3674e+009 
+2.6155e+008i 

3.3602e+009 
+2.6678e+008i 

3.351e+009 + 
2.657e+008i 

3.3409e+009 
+2.6229e+008i 

3.3321e+009 
+2.6129e+008i 

3.3256e+009 
+2.6331e+008i 

3.3236e+009 
+2.6376e+008i 

3.3284e+009 
+2.5436e+008i 

3.3373e+009 
+2.4101e+008i 

3.343e+009 
+2.3618e+008i 

300 
3.3823e+009 + 
3.338e+008i 

3.3764e+009 
+3.4254e+008i 

3.372e+009 
+3.4909e+008i 

3.3673e+009 
+3.4902e+008i 

3.3602e+009 
+3.4623e+008i 

3.3511e+009 
+3.4755e+008i 

3.3435e+009 
+3.5396e+008i 

3.3406e+009 
+3.5858e+008i 

3.3445e+009 + 
3.511e+008i 

3.3524e+009 
+3.3747e+008i 

3.3607e+009 
+3.3071e+008i 

3.3721e+009 
+3.3824e+008i 

315 
3.4535e+009 
+3.6525e+008i 

3.4488e+009 
+3.7116e+008i 

3.4469e+009 
+3.7329e+008i 

3.4442e+009 
+3.7012e+008i 

3.437e+009 
+3.6721e+008i 

3.4257e+009 
+3.6962e+008i 

3.416e+009 
+3.7634e+008i 

3.4131e+009 
+3.7916e+008i 

3.4186e+009 
+3.7423e+008i 

3.425e+009 
+3.7444e+008i 

3.4256e+009 
+3.8938e+008i 

3.4226e+009 
+4.2481e+008i 

320 
3.504e+009 
+3.6502e+008i 

3.5005e+009 
+3.6941e+008i 

3.5002e+009 
+3.7019e+008i 

3.499e+009 
+3.6655e+008i 

3.4925e+009 
+3.6353e+008i 

3.4809e+009 
+3.6517e+008i 

3.4698e+009 
+3.7008e+008i 

3.4655e+009 
+3.7166e+008i 

3.4704e+009 
+3.6882e+008i 

3.4782e+009 
+3.7435e+008i 

3.4802e+009 
+4.0271e+008i 

3.4765e+009 
+4.4896e+008i 

325 
3.8301e+009 + 
3.898e+008i 

3.8261e+009 
+3.9385e+008i 

3.8286e+009 + 
3.947e+008i 

3.8301e+009 
+3.9125e+008i 

3.8215e+009 
+3.8748e+008i 

3.8043e+009 
+3.8704e+008i 

3.7898e+009 
+3.8916e+008i 

3.7862e+009 
+3.8898e+008i 

3.7893e+009 
+3.8547e+008i 

3.7861e+009 + 
3.879e+008i 

3.7754e+009 + 
4.047e+008i 

3.7786e+009 
+4.2735e+008i 

330 
4.0626e+009 
+3.7506e+008i 

4.0603e+009 
+3.7755e+008i 

4.0573e+009 
+3.7733e+008i 

4.0539e+009 + 
3.743e+008i 

4.0482e+009 
+3.7186e+008i 

4.039e+009 
+3.7222e+008i 

4.0285e+009 
+3.7349e+008i 

4.0196e+009 + 
3.715e+008i 

4.0137e+009 
+3.6736e+008i 

4.0087e+009 
+3.7051e+008i 

4.0035e+009 
+3.8775e+008i 

4.0043e+009 
+4.0682e+008i 

335 
4.3507e+009 
+3.6725e+008i 

4.3598e+009 
+3.7072e+008i 

4.3656e+009 
+3.7123e+008i 

4.354e+009 
+3.6777e+008i 

4.3289e+009 + 
3.647e+008i 

4.3104e+009 + 
3.665e+008i 

4.3086e+009 
+3.7192e+008i 

4.3108e+009 
+3.7376e+008i 

4.3003e+009 
+3.6858e+008i 

4.2805e+009 
+3.6678e+008i 

4.2792e+009 
+3.8077e+008i 

4.3084e+009 
+4.0482e+008i 

340 
4.7317e+009 
+3.7205e+008i 

4.7296e+009 
+3.7505e+008i 

4.7403e+009 
+3.7478e+008i 

4.7434e+009 + 
3.712e+008i 

4.7218e+009 
+3.6812e+008i 

4.6869e+009 
+3.6849e+008i 

4.668e+009 + 
3.712e+008i 

4.6772e+009 
+3.7236e+008i 

4.6933e+009 
+3.7237e+008i 

4.686e+009 
+3.8016e+008i 

4.6682e+009 
+4.0515e+008i 

4.7021e+009 
+4.3564e+008i 

344 
5.3929e+009 
+3.8765e+008i 

5.3691e+009 
+3.9125e+008i 

5.3635e+009 
+3.9015e+008i 

5.3572e+009 
+3.8544e+008i 

5.3279e+009 
+3.8272e+008i 

5.2813e+009 
+3.8524e+008i 

5.2476e+009 
+3.9103e+008i 

5.2502e+009 
+3.9574e+008i 

5.2838e+009 
+4.0142e+008i 

5.3177e+009 
+4.2081e+008i 

5.343e+009 
+4.6952e+008i 

5.4025e+009 
+5.4279e+008i 

349 
6.2985e+009 
+4.0492e+008i 

6.2651e+009 
+4.0964e+008i 

6.2669e+009 
+4.0911e+008i 

6.2687e+009 
+4.0327e+008i 

6.2329e+009 
+3.9763e+008i 

6.1717e+009 
+3.9703e+008i 

6.1326e+009 
+4.0128e+008i 

6.1363e+009 
+4.0625e+008i 

6.1432e+009 
+4.1116e+008i 

6.0986e+009 
+4.2741e+008i 

6.0494e+009 
+4.7694e+008i 

6.1203e+009 
+5.5036e+008i 

355 
7.0332e+009 
+4.0043e+008i 

7.007e+009 
+4.0844e+008i 

7.0156e+009 
+4.1126e+008i 

7.0172e+009 
+4.0978e+008i 

6.971e+009 
+4.1002e+008i 

6.8908e+009 
+4.1671e+008i 

6.827e+009 
+4.2951e+008i 

6.8054e+009 
+4.4384e+008i 

6.7961e+009 
+4.5523e+008i 

6.7433e+009 
+4.6933e+008i 

6.6738e+009 + 
5.062e+008i 

6.7019e+009 + 
5.989e+008i 

360 
7.4634e+009 + 
3.855e+008i 

7.4402e+009 
+3.9186e+008i 

7.4613e+009 
+3.9027e+008i 

7.4776e+009 
+3.8387e+008i 

7.4357e+009 
+3.8097e+008i 

7.3472e+009 
+3.8662e+008i 

7.2723e+009 
+4.0001e+008i 

7.2459e+009 + 
4.166e+008i 

7.2342e+009 
+4.3234e+008i 

7.1662e+009 
+4.5108e+008i 

7.0734e+009 
+4.8409e+008i 

7.1114e+009 
+5.3368e+008i 

371 
7.7212e+009 
+3.8862e+008i 

7.7031e+009 
+3.9667e+008i 

7.7331e+009 
+3.9559e+008i 

7.7514e+009 
+3.8771e+008i 

7.6968e+009 
+3.8166e+008i 

7.5859e+009 + 
3.839e+008i 

7.4913e+009 
+3.9543e+008i 

7.458e+009 
+4.1362e+008i 

7.451e+009 
+4.3406e+008i 

7.3805e+009 
+4.5848e+008i 

7.2545e+009 
+5.0368e+008i 

7.2334e+009 
+5.9837e+008i 

380 
7.8705e+009 + 
3.954e+008i 

7.8506e+009 
+4.0455e+008i 

7.8827e+009 
+4.0414e+008i 

7.9094e+009 
+3.9696e+008i 

7.8622e+009 
+3.9148e+008i 

7.7476e+009 
+3.9329e+008i 

7.6349e+009 
+4.0269e+008i 

7.574e+009 
+4.1741e+008i 

7.5395e+009 
+4.3554e+008i 

7.4504e+009 
+4.6207e+008i 

7.3189e+009 
+5.1504e+008i 

7.3014e+009 
+6.2398e+008i 

390 
8.0301e+009 
+3.8523e+008i 

8.0191e+009 
+3.9407e+008i 

8.0629e+009 
+3.9285e+008i 

8.0962e+009 
+3.8506e+008i 

8.0456e+009 
+3.7897e+008i 

7.9241e+009 
+3.7882e+008i 

7.8156e+009 + 
3.833e+008i 

7.7805e+009 
+3.8924e+008i 

7.7862e+009 + 
3.956e+008i 

7.7265e+009 
+4.0714e+008i 

7.6083e+009 
+4.3044e+008i 

7.626e+009 
+4.6041e+008i 

400 
8.0636e+009 
+3.8996e+008i 

8.0429e+009 
+4.0002e+008i 

8.0881e+009 
+3.9989e+008i 

8.1405e+009 
+3.9266e+008i 

8.1162e+009 
+3.8645e+008i 

8.009e+009 
+3.8571e+008i 

7.8964e+009 
+3.8955e+008i 

7.8513e+009 
+3.9527e+008i 

7.8611e+009 
+4.0116e+008i 

7.8122e+009 
+4.0934e+008i 

7.6652e+009 
+4.2386e+008i 

7.5898e+009 
+4.4075e+008i 

420 
8.0682e+009 
+3.9655e+008i 

8.0513e+009 
+4.0718e+008i 

8.1095e+009 
+4.0618e+008i 

8.1783e+009 
+3.9852e+008i 

8.1672e+009 
+3.9338e+008i 

8.0737e+009 
+3.9397e+008i 

7.9844e+009 
+3.9771e+008i 

7.9703e+009 
+4.0165e+008i 

7.9953e+009 
+4.0626e+008i 

7.9284e+009 + 
4.154e+008i 

7.7673e+009 
+4.2946e+008i 

7.7475e+009 
+4.3871e+008i 

435 
8.0038e+009 
+3.9113e+008i 

7.9794e+009 
+4.0204e+008i 

8.0407e+009 
+4.0077e+008i 

8.1319e+009 
+3.9289e+008i 

8.1509e+009 
+3.8789e+008i 

8.0725e+009 
+3.8858e+008i 

7.9768e+009 
+3.9155e+008i 

7.9574e+009 
+3.9337e+008i 

8.0153e+009 
+3.9504e+008i 

8.0156e+009 
+4.0185e+008i 

7.8855e+009 
+4.1622e+008i 

7.805e+009 
+4.3139e+008i 

450 
8.1142e+009 
+3.9504e+008i 

8.0949e+009 
+4.0545e+008i 

8.1577e+009 
+4.0348e+008i 

8.25e+009 
+3.9541e+008i 

8.2753e+009 
+3.9124e+008i 

8.2084e+009 
+3.9337e+008i 

8.1228e+009 
+3.9752e+008i 

8.1047e+009 
+3.9969e+008i 

8.1591e+009 
+4.0144e+008i 

8.1698e+009 
+4.0909e+008i 

8.0674e+009 
+4.2376e+008i 

7.9773e+009 
+4.3288e+008i 

465 
5.5603e+009 
+1.8666e+008i 

5.4907e+009 
+1.9451e+008i 

5.5037e+009 
+1.7979e+008i 

5.5453e+009 
+1.5309e+008i 

5.5009e+009 
+2.1119e+008i 

5.363e+009 
+2.2807e+008i 

5.2283e+009 
+1.5972e+008i 

5.1992e+009 
+2.6099e+008i 

5.3662e+009 + 
3.108e+008i 

5.6585e+009 + 
3.162e+008i 

5.8658e+009 
+3.4368e+008i 

5.821e+009 + 
3.915e+008i 

480 
5.2944e+009 
+2.1017e+008i 

5.3145e+009 
+2.2441e+008i 

5.3309e+009 
+2.3045e+008i 

5.3187e+009 
+2.3607e+008i 

5.2238e+009 
+2.3586e+008i 

5.0601e+009 
+2.2239e+008i 

4.9248e+009 
+2.1509e+008i 

4.9013e+009 
+2.6446e+008i 

4.9779e+009 
+2.9353e+008i 

5.0364e+009 
+2.9552e+008i 

5.0426e+009 
+2.7571e+008i 

5.0938e+009 
+3.3161e+008i 

510 
4.6478e+009 
+2.2147e+008i 

4.6148e+009 
+2.2851e+008i 

4.5239e+009 + 
2.184e+008i 

4.3866e+009 
+1.9935e+008i 

4.2176e+009 
+1.8642e+008i 

4.1393e+009 
+1.9551e+008i 

4.3652e+009 
+2.2968e+008i 

4.9963e+009 
+2.6855e+008i 

5.7209e+009 
+2.9637e+008i 

5.1931e+009 
+2.8487e+008i 

3.6206e+009 
+2.1388e+008i 

3.1708e+009 
+1.6543e+008i 

540 
4.0217e+009 
+2.0493e+008i 

3.9305e+009 
+1.9632e+008i 

3.7779e+009 
+1.6228e+008i 

3.5631e+009 
+1.1289e+008i 

3.3069e+009 
+7.0007e+007i 

3.1865e+009 
+6.7891e+007i 

3.5118e+009 
+1.3647e+008i 

4.4546e+009 
+2.1961e+008i 

5.7605e+009 
+2.8266e+008i 

5.828e+009 
+2.9158e+008i 

3.6956e+009 
+2.1169e+008i 

1.7565e+009 
+2.7982e+008i 

570 
3.5094e+009 
+2.0642e+008i 

3.3513e+009 + 
1.986e+008i 

3.0934e+009 
+1.5665e+008i 

2.7371e+009 + 
7.906e+007i 

2.3365e+009 -
2.1104e+007i 

2.1563e+009 -
1.9927e+007i 

2.6365e+009 
+8.1538e+007i 

3.9445e+009 
+1.8465e+008i 

5.6024e+009 
+2.7014e+008i 

5.5229e+009 
+2.8922e+008i 

2.0363e+009 
+2.2125e+008i 

-2.7816e+009 -
1.6826e+008i 

600 
3.1139e+009 
+2.0236e+008i 

3.0091e+009 
+1.9805e+008i 

2.8054e+009 
+1.5966e+008i 

2.4663e+009 
+9.1333e+007i 

1.9936e+009 
+3.3737e+007i 

1.6124e+009 
+4.2493e+007i 

1.8228e+009 
+6.0858e+007i 

3.005e+009 
+1.1852e+008i 

4.8639e+009 
+2.3962e+008i 

6.0781e+009 + 
3.006e+008i 

3.9802e+009 
+2.3872e+008i 

4.5068e+008 
+2.8602e+008i 

630 
2.9381e+009 
+2.1206e+008i 

2.8134e+009 
+2.1003e+008i 

2.5645e+009 
+1.7451e+008i 

2.1158e+009 
+1.1402e+008i 

1.4382e+009 
+7.9101e+007i 

7.9858e+008 
+9.3372e+007i 

9.0013e+008 
+9.8091e+007i 

2.3632e+009 
+1.0271e+008i 

4.7148e+009 
+1.6593e+008i 

6.2689e+009 
+2.9547e+008i 

2.8222e+009 
+2.0584e+008i 

-1.0524e+010 
+2.0913e+008i 

660 
2.8172e+009 
+2.1117e+008i 

2.6914e+009 
+2.0461e+008i 

2.4435e+009 
+1.6665e+008i 

2.0207e+009 + 
1.142e+008i 

1.4253e+009 
+9.5695e+007i 

9.3478e+008 
+1.1046e+008i 

1.1721e+009 + 
1.166e+008i 

2.6001e+009 
+1.1814e+008i 

4.7461e+009 
+1.7859e+008i 

6.0724e+009 
+2.5991e+008i 

3.6214e+009 
+1.5353e+008i 

-2.2551e+009 
+2.1692e+008i 

690 
2.566e+009 + 
2.143e+008i 

2.4264e+009 
+2.1217e+008i 

2.1949e+009 
+1.7888e+008i 

1.798e+009 
+1.2452e+008i 

1.1954e+009 
+8.5485e+007i 

5.9651e+008 
+8.1444e+007i 

5.81e+008 
+7.7744e+007i 

1.7496e+009 
+7.7543e+007i 

3.8862e+009 +  
1.64e+008i 

5.719e+009 
+2.5345e+008i 

4.9813e+009 
+2.1842e+008i 

2.6573e+009 
+2.7488e+008i 

Ti
m

e 

720 
2.4502e+009 
+2.1362e+008i 

2.3684e+009 
+2.1265e+008i 

2.2344e+009 
+1.7908e+008i 

1.9555e+009 
+1.2574e+008i 

1.4384e+009 
+1.1053e+008i 

7.8202e+008 
+1.4603e+008i 

4.2913e+008 
+1.7097e+008i 

1.0518e+009 
+1.5597e+008i 

2.8832e+009 
+1.0799e+008i 

4.9878e+009 
+1.7141e+008i 

5.79e+009 
+2.9514e+008i 

4.8949e+009 
+3.2211e+008i 

Table 4 - Values for C12 
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  Rotational Frequency 

  14140848.13 14755667.62 15370487.1 15985306.59 16600126.07 17214945.55 17829765.04 18444584.52 19059404.01 19674223.49 20289042.97 20903862.46 

150             

180             

210             

240             

270             

300             

315             

320             

325             

330             

335             

340             

344             

349             

355             

360             

371             

380             

390             

400             

420             

435             

450             

465 
3.5647e+009 
+2.7901e+008i 

3.6261e+009 
+2.8197e+008i 

3.6945e+009 
+2.9743e+008i 

3.7652e+009 
+3.2006e+008i 

3.8546e+009 
+2.3835e+008i 

3.9469e+009 
+2.1749e+008i 

4.0286e+009 
+3.0669e+008i 

4.0874e+009 
+1.8087e+008i 

3.9974e+009 
+1.2095e+008i 

3.6558e+009 
+1.2527e+008i 

3.25e+009 
+1.0989e+008i 

3.251e+009 
+6.1239e+007i 

480 
3.7817e+009 
+2.3227e+008i 

3.7324e+009 
+2.2769e+008i 

3.8024e+009 
+2.1757e+008i 

3.9532e+009 
+1.9989e+008i 

4.1267e+009 
+1.9407e+008i 

4.2765e+009 
+2.1219e+008i 

4.3792e+009 
+2.2491e+008i 

4.4313e+009 
+1.6638e+008i 

4.4206e+009 
+1.3217e+008i 

4.3281e+009 
+1.3733e+008i 

4.1662e+009 
+1.7775e+008i 

4.0801e+009 
+1.2243e+008i 

510 
4.6999e+009 
+2.2658e+008i 

4.706e+009 
+2.3079e+008i 

4.9009e+009 
+2.3946e+008i 

5.2051e+009 
+2.5122e+008i 

5.4726e+009 
+2.6063e+008i 

5.5311e+009 +  
2.52e+008i 

5.2346e+009 
+2.1459e+008i 

4.5389e+009 
+1.6366e+008i 

3.7624e+009 
+1.2449e+008i 

4.4695e+009 
+1.5164e+008i 

6.1506e+009 
+2.6198e+008i 

6.5899e+009 
+3.2537e+008i 

540 
5.4848e+009 
+2.5112e+008i 

5.556e+009 
+2.7239e+008i 

5.8142e+009 
+3.0502e+008i 

6.1905e+009 + 
3.447e+008i 

6.5281e+009 
+3.7954e+008i 

6.6181e+009 
+3.8211e+008i 

6.2587e+009 + 
3.203e+008i 

5.3062e+009 
+2.2948e+008i 

3.9023e+009 
+1.4884e+008i 

3.9343e+009 
+1.4839e+008i 

6.3375e+009 
+2.7225e+008i 

7.8948e+009 
+2.7819e+008i 

570 
5.9892e+009 
+2.4671e+008i 

6.1172e+009 
+2.6606e+008i 

6.4603e+009 + 
3.037e+008i 

6.9395e+009 
+3.6304e+008i 

7.3625e+009 
+4.3364e+008i 

7.4874e+009 + 
4.299e+008i 

7.0806e+009 + 
3.602e+008i 

5.8929e+009 
+2.6256e+008i 

4.1268e+009 
+1.5812e+008i 

4.321e+009 
+1.4378e+008i 

7.7639e+009 
+2.7819e+008i 

5.8081e+009 
+1.9702e+008i 

600 
6.4039e+009 
+2.4266e+008i 

6.4776e+009 
+2.5846e+008i 

6.7487e+009 
+2.9215e+008i 

7.184e+009 
+3.4143e+008i 

7.6336e+009 
+3.7607e+008i 

7.8749e+009 
+3.6781e+008i 

7.7157e+009 
+3.5998e+008i 

6.8348e+009 
+3.1902e+008i 

5.0341e+009 
+1.9223e+008i 

3.6557e+009 
+1.2804e+008i 

6.124e+009 
+2.3672e+008i 

8.5614e+009 
+3.6732e+008i 

630 
6.5972e+009 
+2.4083e+008i 

6.6885e+009 
+2.5475e+008i 

6.9897e+009 
+2.8564e+008i 

7.4812e+009 
+3.2742e+008i 

7.9985e+009 
+3.4785e+008i 

8.2827e+009 
+3.5048e+008i 

8.2461e+009 
+3.4913e+008i 

7.4739e+009 
+3.3502e+008i 

5.3266e+009 
+2.8268e+008i 

3.4791e+009 
+1.3437e+008i 

7.2706e+009 
+2.7205e+008i 

1.1709e+011 
+3.1363e+010i 

660 
6.7196e+009 
+2.3928e+008i 

6.8092e+009 
+2.5775e+008i 

7.0982e+009 
+2.9046e+008i 

7.5565e+009 
+3.2486e+008i 

8.0188e+009 
+3.3611e+008i 

8.2547e+009 
+3.3885e+008i 

8.1512e+009 +  
3.34e+008i 

7.288e+009 
+3.2082e+008i 

5.2873e+009 + 
2.657e+008i 

3.7652e+009 
+1.7996e+008i 

6.5891e+009 + 
3.231e+008i 

7.2144e+009 
+8.7751e+008i 

690 
6.9773e+009 
+2.4358e+008i 

7.0766e+009 
+2.5869e+008i 

7.3417e+009 
+2.8661e+008i 

7.7542e+009 
+3.2177e+008i 

8.1727e+009 
+3.4577e+008i 

8.3912e+009 
+3.5825e+008i 

8.3901e+009 + 
3.623e+008i 

7.9499e+009 
+3.5237e+008i 

6.306e+009 + 
2.811e+008i 

4.2878e+009 
+1.9041e+008i 

5.1132e+009 
+2.5741e+008i 

7.4571e+009 
+2.4233e+008i 

Ti
m

e 

720 
7.049e+009 
+2.4156e+008i 

7.1004e+009 
+2.5519e+008i 

7.2897e+009 
+2.8132e+008i 

7.6297e+009 
+3.1419e+008i 

8.0371e+009 
+3.2478e+008i 

8.3342e+009 
+3.2862e+008i 

8.4314e+009 + 
3.432e+008i 

8.3256e+009 
+3.1832e+008i 

7.2838e+009 
+3.2744e+008i 

5.2147e+009 
+2.8508e+008i 

4.1959e+009 
+1.6404e+008i 

5.3313e+009 
+1.5399e+008i 

Table 5 - Values for Young's modulus 
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Appendix V – List of Acronyms 
 
MMA  Methylmethacrylate 

PMMA Polymethylmethacrylate 

PTFE  Polytetrafluoroethylene 

UHMWPE Ultra High Molecular Weight Polyethylene 

PVDC  Polyvinylidene Chloride 

N, N-DMPT Nitro, Nitro-dimethylparatoluidene 

HA  Hydroxyapatite 

Et-O  Ethylene Oxide 

THR  Total Hip Replacement 

THA  Total Hip Arthroplasty 

TKR  Total Knee Replacement 

TKA  Total Knee Arthroplasty 

DSC  Differential Scanning Calorimetry 

CT  Computed Tomography 

KAS  Kissinger-Akahira-Sunose 

FEM  Finite Element Method 

FEA  Finite Element Analysis 

UPF  User Programmable Function
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Appendix VI - List of Biological Terms 
 
Bone cement Any material used as a grout to fix 

prostheses to bone. In this thesis, it refers 

almost exclusively to acrylic bone cement 

based on polymethylmethacrylate 

(PMMA). 

Cancellous bone Porous, sponge-like bone material, 

typically found close to joints. 

Cortical bone Dense bone material, typically found in 

the shafts of the long bones (e.g. femur, 

tibia) or at the bone surface. 

Arthritis Inflammation of a joint, usually 

accompanied by pain, swelling and 

stiffness. 

Osteoarthritis Arthritis relating to degeneration of the 

joint cartilage and surrounding bone. 

Prosthesis Device implanted into patient to replace 

dysfunctional or painful tissue. 

Arthroplasty Operation for construction of new 

movable joint in vivo. 

Lysis/osteolysis Active resorption of bone tissue as part of 

an ongoing disease process. 

Subluxation Incomplete or partial dislocation of a 

joint. 

Acetabulum Concave part of the pelvis meets with the 

femur in the hip joint. 

Femur Commonly referred to as the thigh bone 

this is the proximal leg bone. 

Tibia Commonly referred to as the shin bone 

this, along with the fibula, constitutes the 

distal leg bones. 



Appendix IV - Conference abstracts and journal publications 

 

 262 

Aseptic loosening Loosening attributable to non-infection 

related causes. 

Synovial Group of musculoskeletal joints which 

allow a large range of motion. 

Osteocyte/osteoblast/osteoclast Bone cells involved in the maintenance of 

the bony matrix including increases and 

decreases of local bone density. 

Primary First replacement of dysfunctional or 

painful tissues at a joint. 

Revision Subsequent replacement of previously 

implanted joints after the joint 

replacement has failed. 

Radiolucency Evidence from a radiograph showing an 

area of low material density in the bone 

matrix. 

Necrosis The death of any living tissue often 

referring specifically to bone cell death. 

Proximal Of an anatomical structure, closer to a 

point of reference, usually the mid-line or 

notional mid-point of the body. E.g. the 

hip is proximal to the knee, meaning the 

hip is closer to the mid-point of the body 

than the knee. 

Distal Of an anatomical structure, further from a 

point of reference, usually the mid-line or 

notional mid-point of the body. E.g. the 

knee is distal to the hip, meaning the knee 

is further from the mid-point of the body 

than the hip. 

Interdigitation The mechanical interlock between two 

materials e.g. the cement interdigitates 

with the cancellous bone. 

In vitro Outside of the body. 
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In vivo Inside of the body. 

Resurfacing Arthroplasty involving replacement of 

just the dysfunctional joint surfaces with 

minimal removal of additional healthy 

tissue. 

Computed tomography (CT) Medical imaging technique whereby a 

series of radiographs are taken around a 

common axis and digital processing is 

then used to generate a three-dimensional 

image. 

 


