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Abstract – Clinical follow-up studies in cemented total hip arthroplasties found that femoral prosthesis 

loosening is caused by the fracture of the bone-cement interfaces.  The research objectives were to 

determine whether orientation of the bone has any influence on the interface fracture strength, and to 

determine whether inclusion of micro/nano sizes MgO particles on Cobalt™ HV bone cement has any 

influence on the interface fracture strength. Flexural tests were conducted on five groups of specimens to 

find Young Modulus and bending strength: (1) longitudinal bone, (2) transverse bone, (3) pure cement 

particles, (4) cement with 36 µm and 27 nm MgO particles, and (5) cement with 27nm MgO particles.  

Also, fracture tests were conducted on six groups of bone-cement specimen to find interface fracture 

toughness: (1) longitudinal bone-cement without MgO particles, (2) transverse bone-cement without MgO 

particles, (3) longitudinal bone-cement with 36 µm MgO particles, (4) transverse bone-cement with 36 µm 

MgO particles, (5) , longitudinal bone-cement with 27 nm MgO particles, and (6) transverse bone-cement 

with 27 nm MgO particles. Transverse bone specimen was 14% stiffer than longitudinal specimen, while 

bending strength and fracture toughness of longitudinal specimen was 29% and  2.6 times lower than the 

transverse specimen, respectively. Reduction of Young’s modulus (7.3%), bending strength (27%) and 

fracture toughness (16%) was observed by the inclusion of microsize MgO particles, and  a reduction of 

the  Young’s Modulus (19%), bending strength (21%),and fracture toughness (19%) for nanosize MgO 

particles. The interface toughness of the transverse bone infused with 27nm MgO was about 6 times 

higher than transverse bone infused with 36 µm particles of MgO. Preliminary studies show that 

orientation of the bone has significant influence on the interface fracture. MgO particles size have a 

significant effect on the strength of the bone - cement interface. 
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1. INTRODUCTION

Total hip joint replacement is one of the most 

common orthopaedic surgical procedures along with 

total knee replacement. The majority of these 

replacement joints are cemented [4]. The most 

common problem in cemented total hip arthroplasties 

is a failure in the interface between the bone and the 

cement, happening in about 10% of the cases [2]. The 

addition of small enough particles to fill in the gaps 

between cement grains might improve the ability of 

the cement to penetrate into the porous surface of the 

bone. The bone cement tested in this experiment is a 

PMMA based high contrast bone cement produced by 

Cobalt™. The goal of the research is to investigate 

the effects of microsize and nanosize particles of 

MgO on the strength of the bone to cement interface.  

Nanosized particles have had a wide usage as a 

functional-filling material [3, 5]. Their main 

advantage is the fact the surface area of a material 

containing smaller particles is significantly increased, 

and they have also been known to increase cell 

function [4, 5]. The increased surface area would then 

be able to penerate further into the pores of the bone 

surface therefore increasing the interfacial strength 

between the two materials. The fact that bone itself 

has a naturally adapted compatibility with nano-sized 

materials, as the hydroxyapatite crystals are 20 to 80 

nm long and collagen fibrils are less than 500nm in 

diameter [5]. The nanopartile enriched bone cement is 

a habitable area for osteoblasts to colonize and enable 

the newly formed bone to fill in the gaps and further 

tighten the grip to the bone surface [8]. Another 

advantage of the usage of nanoparticles is the propsed 

reduction of the temperature in the PMMA 

exothermic reaction if there are nanoparticles mixed 

in the cement. This would effectively reduce the 

damage done to bordering bone cells as the 

tempertatures during PMMA curing can rise up to 

80
oC [7].  

The aforementioned goal was to be achieved first by 

designing and manufacturing the base and the 

components necessary to perform a three-point 

bending test [9], as well as synchronizing the 
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instrumentation necessary to collect the relevant data. 

The second objective was to perform tests on all of 

the materials used, in order to comprehend their 

elasticity and fracture toughness [1]. The last 

objective was to perform interfacial strength tests 

using the previously gathered elasticity and fracture 

strength data in order to gain a complete view of the 

properties supplied by the micro and nanosize 

particles tested. The tests were to be performed on 

pure bone cement as a control as well as using micro 

and nanocomposite PMMA. This applied to the 

elasticity and facture strength and the interfacial 

toughness setup. 

2. MATERIALS AND METHODS 

2.1. Design and manufacture of the setup and 

instrumentation 

The design of the experimental setup was done using 

SolidWorks™ solid modeling software. Aluminum 

blocks were used to fabricate the components of the 

setup (e.g. base, indenter, 3 point bend specimen 

holder). The parts were manufactured in the UCO 

Machine Shop using a Bridgeport™ milling machine, 

band saw and a lathe machine. The primary setup of 

the base in the SolidWorks model was not accurate 

enough, and a second take on it was the one used as 

the dimensions of the load cell screws had to account 

for the nuts used in order to tighten the indenter onto 

the load cell itself. A precision xyz stage was 

assembled with the base for microscopic viewing 

purposes. The xyz stage was to maintain the whole 

base on top of a microscope deck, and a piece was 

designed in order to employ all four holes on the 

stage while gripping with four screws onto the base 

so maximum tightness could be achieved. Two rods 

of high quality aluminum were cut to serve as support 

for the slider containing the load cell that was going 

to be pushed by the actuator. The setup as a whole 

had a flush fit, and there were little adjustments to be 

made only to make sure the indenter passed 

unhindered through the hole in the center bar. The 

aluminum holder for the milling of the bone samples 

was already made from a previous experiment in the 

lab, and was used after resurfacing the edges to make 

sure it was clamped straight on the vice. 

The instrumentation consisted of an actuator to 

facilitate the movement, a load cell to sense the 

change in the load, and a load cell sensor as an 

interface to the load cell. The first one of these 

elements set up was the actuator. It was a Newport™ 

LTA-HL
® actuator. The package included a SMC100, 

which is a single-axis motion controller, with its 

appropriate software. The setup and calibration was a 

very trivial process as the software provided by 

Newport was enough for the purposes of this 

experiment and now further research needed to be 

done. The load cell was a Futek™ LCM300®, item 

number FSH02630, which is the item number for a 50 

lb. model of the particular load cell. It has a capability 

of sensing compression as well as tension, while also 

having two threaded screws on both ends which made 

it perfect for the way the setup was supposed to work. 

The load cell sensor was a Futek™ IPM500® unit. It 

had analog output capabilities and a resolution that 

made it a good match for the load cell. The 

calibration of the load cell sensor was done using 

Troemner™ precision weights for electronic 

calibration. The pre-known forces from the precision 

weights were used in order to find the calibration 

coefficient for the sensor, and the result was an 

accurate load cell reading from pre known non-

precision weights borrowed from the general physics 

laboratories. Figure 1 pictures the final look of the 

setup.

Fig. 1 – Final setup with labeled components 

The initial plan included designing a NI LabView™ 

program to intake the analog inputs fed from the load 

cell sensor and the actuator and relay that data into a 

text file with the respective time for each one of the 

measurements in order to have a fully automated data 

gathering procedure. The program required to take in 

the analog input from the sensor was simple and 

easily finished while fully functioning. On the other 

hand, the procedure for the setup of the actuator was 

significantly more complicated, and significant 

LabView knowledge was needed in order to 

synchronize it to the specific regulations needed for 

measuring data. Due to the lack of time in this project 

this idea was abandoned and it was decided that the 

data should be gathered manually.

2.2. Preparing the bone and cement samples  

The bone samples were prepared using different 

apparatus and techniques in the UCO Machine Shop, 

mainly the band saw and the milling machine. The 

first step was to get the bovine femurs and use the 

band saw in order to cut longitudinal samples that 

were 9 inches long and about 3-5 inches wide. At 

least two of these were collected per bone, while 

making sure cortical bone was taken rather than 

cancellous bone1. The samples were fastened in the 

premade aluminum clamp and milled down to a 

thickness of 2 mm as shown on Figure 2. A pressure 

gauge was used to make sure the thickness of the 

piece was 2 mm, rather than using the marks on the 

knobs of the milling machine.  Afterwards a block of 
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bone was cut using a 4x.012x1/2 in. diamond coated 

wafering blade to a 20 mm width. The block was 

sliced every 4 mm to achieve the final dimensions of 

the samples (20x4x2 mm). To prepare the 20x4x2 

mm cement specimen, a 20x4x60 mm mold made out 

of glass was used to cure the cement. The walls were 

made to an exact height of 4 mm using an unorthodox 

method of stacking glass slides that were exactly 1 

mm thick on top of each other. The glass slides were 

perfect as they were accurate as well as smooth 

enough for the cement not to stick on their walls. A 

block of bone with dimensions 20x2x30-50 mm (this 

ranged for the need and availability of bone) was put 

in the mold, and then bone cement was poured on top 

of it. This ensured that the thickness of the composite 

was 4 mm, divided evenly between the bone and 

cement. Then the samples were cut with the same 

wafering blade for the final 2 mm dimension. The 

centre notches were prepared with a 3x0.006x1/2 in. 

wafering blade, which provided a significantly 

thinner and clean cut. For the bimaterial specimen, a 

20-50x20x2 mm was placed in the same glass mold, 

and the cement was poured on top and cured under 80 

kPa pressure. There were longitudinal and transverse 

bone specimen made, as show on Figure 3.  

Fig. 2 – Milling Process 

Fig. 3 – Depiction of the longitudinal and transverse 

bone samples 

Figure 4 shows the final composite specimens with 

the center notch. During all of the procedures the live 

bone was kept moist with a saline solution prepared 

in the UCO Chemistry Department’s Laboratories. 

The saline is a highly corrosive substance and a lot of 

precautions were taken in order to minimize the 

exposure of saline on the equipment used in the 

Machine Shop. 
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Fig.4 – The composite with a center notch 

2.3. Conducting the tests  

The tests were conducted using the previously shown 

setup. A micro-level actuator was moving at a 

velocity of 11µm/s in order to minimize the load 

iterations for abundant amounts of data. The actuator 

pushed a load cell that was connected to the indenter 

which was acting as the loading in the three point 

bending system. Readings were taken from the load 

cell as the actuator stopped to give some relaxation 

time to the samples. The time iterations for the data 

points taken varied from materials used, as the 

cement with micro and nano particles tests took about 

10 minutes, while pure longitudinal and transverse 

bone took only about 5 minutes. The force was read 

only on the linear portion of the force versus point 

load displacement graph during the Young’s Modulus 

of Elasticity readings. This was confirmed by a very 

consistent correlation coefficient on each one of the 

trials. The tests for the Young’s Modulus and 

Flexural Strength were done on specimens that were 

simply fitting the 20x4x2 mm dimensions. The tests 

for Fracture Strength were done using specimens that 

were the same dimension, but had a center notch to 

initiate the crack that went 2 mm deep. The samples 

for interfacial strength were done on bone-bone 

cement specimen that had a center notch that cut 

through the bone cement, which is once again half 

way through the specimen. During the testing the live 

bone samples were continuously kept moist using 

deionized water, as saline was too corrosive for the 

specimen holder.  The tests themselves took only 

about 5-10 minutes, with the live bone samples taking 

only about 5-6 minutes, which doesn’t allow enough 

time for the osteocytes to die. 

3. RESULTS

The results from the Young’s Modulus of Elasticity 

and Flexural Strength were around the expected value 

for the pure bone samples. Transverse cracks were 

significantly harder to initiate and the bone was also 

significantly stiffer than the longitudinal bone. This is 

illustrated by the fact that transverse bone had a 14% 

higher Young’s Modulus, while the flexural strength 

was 29% higher. The pure bone cement and its 

mixtures all had a similar change in these parameters 

to the bone. A trend of increasing elasticity as smaller 

particles were added was observed, while the 

materials themselves were significantly more elastic 

than bone. The Flexural Strength provided more 
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scattered data rather than the very consistent Young’s 

Modulus data. The Flexural Strength was lower in the 

bone cements, although the pure bone cement was not 

significantly weaker than the longitudinal bone 

sample. Nevertheless there was a drop of  27% in the 

bending strength with the addition of microsize MgO 

particles in the bone cement. The addition of nano 

had an insignificant rise in the Flexural Strength from 

the microsize MgO particles. For the pure bone 

cement tests there were two different specimen used. 

Two of the samples were cured under 60 kPa rather 

then 80 kPa which was the case for all of the other 

bone cements used. These two specimen that were 

cured under less pressure had almost double the 

Young’s Modulus of Elasticity and a 35% higher 

Flexural Strength. The Young’s Modulus data is 

presented on Figure 5, while the Flexural Strength is 

on Figure 6.  
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Fig.6 – Flexural Strength  

For the Fracture Toughness data there was only the 

transverse center notch bone that had a significantly 

higher breaking point, while all of the other 

categories were in the same vicinity, with none 

differing significantly from the other. While their 

actual forces on which the bone broke was different, 

the calculated Fracture Toughness was very similar as 

shown on Figure 7. During the preparation of the 

specimen of bone cement with microsize MgO 

particles there was a mishap as the thin blade that was 

used to prepare the center notches broke, and the 

thicker blade was used to prepare the last two center 

notches. This allowed for an unplanned test on the 

notch effect, which is the effect of the size and 

quality of the centre notch in the crack initiation. The 

last two bones came out to be very close, considering 

the amount of test samples ran, as a percent 

difference of 12% was calculated. 
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Fig.7 – Fracture Strength 

The method of preparing the Interfacial Toughness 

bones seemed to be working well in the preliminary 

tests whenever dead bone was used (the samples 

weren’t immersed in saline water). During the center 

notch preparation of the final specimen (the samples 

were totally moist throughout the process) the bone to 

bone cement interface failed from the pressure of the 

wafering blade saw clamp. In order to try to preserve 

at least a few specimens, they were clamped very 

lightly which led to the mishap of breaking the 

thinner 3x0.006x1/2 in. wafering blade mentioned 

previously. Nevertheless, three samples remained 

intact and were mounted on the specimen holder to 

perform the Interfacial Toughness test. Two of those 

were with bone cement with microsize and one with 

nanosize MgO. Although the data is not statistically 

relevant the Interfacial Toughness was very different 

between the different sized particles. The addition of 

nano, rather than microparticles increased the 

strength of the interface 6 times (Figure 8). 

The different types of bone cement surfaces were 

observed on a fluorescence microscope provided by 

the UCO Biology Department. Using a power of 

100x and green light surface pictures were taken so 

the materials could be examined closely. All three 

types of bone cement sample pictures are presented 

on Figure 9. 
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Fig.8 – Interfacial Toughness 

Fig.9 – The Fluorescence Microscope Photographs 

of A. Bone Cement, B. Bone Cement with 36  m
MgO, and C. Bone Cement with 27 nm MgO 

4. CONCLUSION 

Material properties vary with the orientation of the 

bone. The transverse bone was always notably 

stronger and less elastic than longitudinal bone. This 

result is exactly what was expected because of the 

osteon positioning which is lengthwise in bone. 

Breaking each one of them requires more force than 

breaking the connections from the Havesian cannals 

as it would be in longitudinal bone. The cement 

samples were all considerably weaker as well as more 

elastic than any of the bones. The fact that bone 

cement is more elastic than bone means that it can 

absorb a lot more energy before breaking, and is able 

to deform a lot more than bone. Because it is less 

brittle the bone cement is less keen on fracturing, as a 

large deformation is needed in order to shatter the 

bone cement. During the course of experiment the 

indenter went about 1.3 mm into the bone cement 

before the crack initiated. This means that a severe 

deformation is needed in order to fracture the cement, 

which makes it very reliable for its purpose. The 

micro particles lowered the elasticity of the cement, 

while the nano particles seemed to lessen the drop in 

flexural strength. Nevertheless, none of these 

properties had any significant changes from the 

addition of nano and microsize MgO particles. Filling 

out the small gaps between the bone cement granules 

with smaller sized MgO particles was supposed to 

make the material less brittle, and that did happen, as 

shown on Figure 10, the deformation due to the force 

needed to be slightly larger in order to initiate a crack 

in the modified materials. But these differences are 

not statistically relevant as the values are close to 

each other. Another aspect that was investigated was 

the curing pressure effect. The cement cured under 60 

kPa was significantly stronger, as well as more brittle 

than the bone cement cured under 80 kPa. This result 

makes sense, as more pressure would press the bone 

cement particles closer to each other, making the 

network of particles more elastic. The fact that the 

network is more elastic means that it also breaks 

sooner, as illustrated by the 35% lower Flexural 

Strength.
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The Fracture Toughness wasn’t significantly affected 

by the addition of MgO particles. Longitudinal bone 

was just as prone to fractures as the bone cement. The 

fact that transverse bone cracks were harder to initiate 

is reasonable and follows the same logic of the osteon 

positioning in bones as the Young’s Modulus of 

Elasticity and Flexural Strength tests. All of the dests 

performed provided very consistent data that was 

within a reasonable range for its standard deviation, 

with the slight exception of the bone cement with 36 

 m MgO particles where there was one sample lower 

101 



Ilik et al.: The Influence of Orientation and Particle Size on the Interface Fracture of a Bone – Nanocomposite Cement 

102 

than the other ones, but enough to go out of the 

standard deviation boundaries. Another aspect that 

was tested during the Fracture Toughness was the 

notch effect. While using a thicker 4x.012x1/2 in. 

diamond coated wafering blade, rather than the 

thinner 3x0.006x1/2 in. wafering blade, the loads at 

which the crack initiated were taken. As the data 

showed there was not a significantly different trend in 

these specimens tested. Therefore these bone cement 

samples were also included in the final data 

presented. This was tested on bone cement with 36 

 m MgO particles only, but the presence of different 

materials does not concern the notch effect. 

The surface view provided by the fluorescence 

microscope didn’t provide significant insight into its 

properties. A smoother surface can be observed on 

Figure 10. B and C, as the smaller granules 

penetrated within the spots of the separate PMMA 

granules. A transmission electron microscope or a 

scanning electron microscope view would provide a 

better picture about the surface structure of the 

different bone cement composites [3]. 

There weren’t enough data gathered to investigate the 

role of nano particle addition on interfacial strength 

with statistical significance, but the limited data 

showed a substantial increase. The specimens were 

prepared using the method specified in the Materials 

and Methods section, and as the procedure suggests, a 

4 mm thick plate of bone and bone cement connected 

was clamped to the wafering blade saw, and the final 

2 mm dimension was cut. While doing this final cut, 

the pressure from the clamp itself broke the bone to 

bone cement bond, making the cement part move to 

the side. While trying to adjust the pressure of the 

clamp between the breaking point and a very loose 

clamping, one of the samples moved and the wafering 

blade hit the cement on the wall of the forming cut, 

breaking the thinner 3x0.006x
1/2 in. wafering blade. 

Therefore in a future research the validity of the 

composite specimens’ bond needs to be evaluated. At 

the conclusion of the experiment, there were only 

three functional specimens that could be tested. All 

three of those samples were transverse bone, 

providing a good control. Two of the specimens were 

bone cement mixed with 36  m and one with 27 nm 

MgO. The difference between the two types of bone 

cement to bone interfaces was staggering, as the 

addition of nano particles increased the fracture 

toughness six times over the fracture toughness of 

micro particles. Even though this relation is very 

significant, the lack of overall data makes it statically 

irrelevant. Nevertheless the correlation makes it a 

significant fact to consider for future related research. 

The main problem encountered in this project was the 

bone to bone cement interface issue while clamping 

the specimen into the wafering blade saw. A probable 

cause for the bone to cement interface failure might 

be the fact that the samples were immersed in saline 

water for 12 hours prior to testing, and frozen to 

preserve the bone integrity to a maximum level. 

While doing the tests on the preliminary specimens, 

which were not considered in the final data, the bones 

were never frozen and there were no failures in the 

bone to bone cement interface prior to the testing. 

Another approach might be changing the whole 

clamping system on the wafering blade saw, which 

would involve machining a new piece that will be 

more compatible with the bone samples, by not 

applying that much pressure while holding the 

specimen in place. 
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6. APPENDIX 

Equations: 
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Legend: 

l 1.6 mm, length of the lower two points in the 3point bending system 

t the thickness of the sample, around 2 mm 

w the width of the sample, around 4 mm 

P/"LP the slope of the straight line portion of a load versus displacement graph 

Pmax the load that causes the crack initiation 

wC the height of the cement portion of the composite specimens 
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