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Abstract The importance of the conditions at the stem-

cement interface in cemented total joint replacements

(THRs) with regard to the in vivo longevity of the implant

is well recognized. In the present study, we used a sim-

plified model of one part of a cemented THR (alloy rect-

angular beam bonded to rectangular cement plate) to study

the influence of surface finish of the alloy beam (stem) on

two measures of the evolution of random damage at the

alloy beam-cement plate interface (stem-cement interface),

under quasi-static direct shear load. Three surface finishes

of the beams were used: satin-finish, grit-blasted, and

plasma-sprayed. The random damage events were moni-

tored from the emitted acoustic signals, with the two

measures computed from these signals being the intensity

of random damage events (IRDE) and the mean damage

event energy (MDEE). Large number of random damage

events (higher values of IRDE and low value of MDEE)

occurred with grit blasted specimens, suggesting a high

probability for the generation of debris particles at the

interface. These findings, in conjunction with details on the

size and shape of the debris particles, obtained using

scanning electron microscopy, lead to the suggestion that

satin-finish stems are desirable for use in cemented THRs.

1 Introduction

It is well known that aseptic loosening is the most common

reason for the revision of total joint replacements [1]. In the

case of cemented total hip replacements (THRs), it has

been postulated that bonding conditions at the stem-cement

interface play a critical role in aseptic loosening of the

implant [2–6]. Among the factors that influence these

conditions are the polymerization front of the curing

cement [3, 7, 8], the viscosity of the curing cement [9], and

the surface roughness of the stem [3, 10–13]. Much

research attention has been paid to the surface finish of the

stem, from polishing the stem to prevent bonding, to

roughening the stem surface to create an interlocking

mechanism between stem and the cement, to precoating the

stem with a layer of the cement are all approaches used

clinically to achieve optimal stem-cement interface con-

ditions [14–16]. The clinical evidence on the influence of

stem surface finish on the in vivo longevity of cemented

THRs is far from clear, with, for example, conflicting

reports regarding roughened versus smooth (polished or

satin finish) stems [17–22]. There is consensus, however,

on another aspect of the stem-cement interface, which is

that the cemented THR is likely to have a poor outcome if

the stem-cement interface fails via the generation of debris

particles secondary to the failure of the interface. It has

been suggested that this production could be minimized by

improving the bonding conditions at the stem-cement

interface through, for example, increasing the interface

shear strength [1, 4, 9, 12]. The rationale for this suggestion

is that the generation of debris particles would be limited if

the interface bonding is strong enough to maintain integrity

for the lifetime of the implant [23]. Although there is a

substantial body of literature that indicates that a rough

stem interface more likely to fail than a smooth interface
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[24], little is known about the this interface under the

influences of naturally occurred random damage events,

and the morphology of debris particles due to these events

at the stem-cement interface under physiologically relevant

loading conditions.

To measure these random damage events, in the present

work, we used a non-invasive technique to quantify the

intensity and the energy of each damage event in a sim-

plified model of stem-cement interface under quasi-static

shear loads. We also characterized the debris particles

produced at this interface. We hypothesized that: (1) the

major failure mechanism at smooth interface is interface

debonding, whereas that at rougher interface is dominated

by the breakage of interlocked cement fragments; (2) stem

surface random damage events initiate at very low stress

levels, and, hence, establish the basis for microstructural

damage and subsequent debris formation.

2 Materials and methods

2.1 Fabrication of test specimens

Thirty-one CoCr alloy solid rectangular bars with nominal

dimensions of 5.9 mm 9 11.1 mm 9 63.0 mm and three

different surface finishes, namely, satin-finish, grit-blasted,

and plasma-sprayed, were prepared for this study. These

finishes represent the range that has been used in stems in

cemented THRs. We did not include polished surface

because it is widely assumed that polished stems do not

lead to mechanical bonding at the stem-implant interface in

cemented THRs [16, 25]. Ten alloy bars were blasted with

glass beads (satin-finish group), twelve were grit blasted

with 16-grit alumina (grit-blasted group), and nine were

plasma sprayed (plasma-sprayed group). The arithmetic-

average surface roughness (Ra) of each beam was mea-

sured using a contact profilometer (Surfcom 1800D, Zeiss

GmbH, Germany) with a travel length and cutoff length of

15 mm and 5 mm, respectively.

We deposited a thick layer of a poly (methyl methac-

rylate) (PMMA) bone cement (VersaBondTM; Smith &

Nephew, Inc., Memphis, TN) on top of the alloy beams in

the following manner. The cement powder and liquid

monomer were mixed, at between 1 and 2 Hz, in a poly-

meric bowl open to the ambient laboratory atmosphere

(temperature and relative humidity of 22 ± 1�C and

56 ± 2%, respectively) for 30–40 s. The beams were

placed in a rectangular mold after which the cement dough

was poured into the mold. The cement was allowed to cure

for at least 48 h before the beams were removed from the

mold and then their edges were sanded to remove excess

cement. We thus obtained a simplified model of the stem-

cement interface (Fig. 1).

2.2 Acoustic emission tests

In these tests, a direct shear force was applied using

a screw-driven materials testing machine (Model 4465;

Instron Corp., Canton, PA), at a crosshead displacement

rate of 1 mm/min. The acoustic emission (AE) signals were

monitored using five sensors (Nano 30, Physical Acoustics,

Inc., Princeton, NJ) that were glued to the specimen sur-

face. The acquired AE signals were conditioned first by

preamplifiers (AEP4, 40 dB, Vallen-Systeme GmbH,

Germany) and then fed to a multi-channel AE system

(ASMY-5, Vallen-Systeme GmbH, Germany). The appar-

ent shear strength of the alloy plate-PMMA bone cement

layer interface (ss) was obtained by dividing the applied

force by the area of the interface. The stress ratio (SR) was

computed as the ratio of the stress at the onset of random

damage events (so) to ss. SR may also be thought of as the

relative onset stress.

In order to examine the random damage produced in

early loading, we divided the loading sequence into three

stages: pre-yield, yield, and post-yield. The pre-yield stage

is defined as the zone between the acoustic signals onset

point and the point where the applied load reaches 90% of

its maximum value (hereafter called the 90% load point).

This onset point is indicated when AE signals become

substantial (a sudden change in the slope of the plot of AE

signals versus load). The damage events occurring in the

pre-yield stage are referred to as pre-yield events. The

yield stage is defined as the zone between the 90% load

point and the point where the load slightly passes the

ultimate load. The damage events occurring in this stage

are referred to as yield events, and those occurring after the

yield stage are called post-yield events. We did not use

peak load as the ‘yield’ point because it was apparent that

yielding occurred before the peak load was reached. In this

Fig. 1 Schematic drawings of the test specimen
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work, we focused on the pre-yield and yield random

damage events, even though there are some interesting

results in the post-yield stage as well.

We used two parameters to quantify the random events

in the pre-yield stage: (1) the intensity of random damage

events (IRDE), which is a measure of the damage events

per unit interface bonding area; and (2) the mean damage

event energy (MDEE), which is a quantity that is known to

be directly proportional to the physical size and the mag-

nitude of damage events in a material [26, 27]. We will use

the combination of IRDE and MDEE to reveal the char-

acteristics of random damage that occurred at the interface

(Table 1).

2.3 Generation and characterization of debris particles

To collect the debris particles at the interface of a test

specimen, we designed and fabricated a fixture which

created fretting (longitudinal motion of up to 1 mm),

through the action of a 600 mm-long lever arm (Fig. 2).

This amount of fretting movement is within the range that

has been estimated to occur in vivo in cemented THRs. In

fact, recent measurement of stem-cement micromotion

from en bloc retrieved cemented THRs show that micro-

motion can range from very small (0.6 microns) for well-

fixed implants to 0.83 mm for loose ones (Mann KA.

Personal communication, July 2009.). This arm was

designed with a cavity to house the test specimen, a pro-

vision for the manual application of a shear force to break

the interfacial bond first, and a provision for producing

repetitive shear motion at a frequency of 1 Hz about the

pivoting pin of the fixture. When testing the specimens, we

used a quasi-static direct shear force corresponding to a

normal stress of *3 MPa according to an estimated

working stress range at the stem-implant interface in a

cemented THR [28]. Each test was repeated three times.

All tests were performed in ambient laboratory air

(21 ± 1�C). The protocol used to collect the debris parti-

cles was as follows: under a combined normal and shear

stress, break the bond first, and then test for ten cycles at an

angle that generates reciprocating motion of 1 mm at the

free end of the interface (Fig. 2). The sliding contact sur-

faces were then separated and the debris particles collected

using scanning electron microscopy (SEM) adhesive stubs.

The debris particles were collected from the stem surface at

the distance between *0 displacement near the pivoting

pin and maximal displacement (1 mm) at the free end of

the interface. (From this study, it suggests that the next step

is to collect debris particles at different distances that

represent various level of post debonding motion). The

stubs were then coated with a 10 nm layer of Au–Pd to

prevent electron beam charging in the microscope. Debris

particles were also collected and examined after 100

loading cycles. The shape and size of the debris particles

after ten loading cycles and after 100 loading cycles were

then estimated with the aid of scanning electron micro-

graphs. We conducted these tests with only satin-finish and

grit-blasted interface specimens because stems with these

finishes are widely used in cemented THRs.

All statistical tests were conducted using ANOVA.

3 Results

3.1 Surface roughness of CoCr bars in test specimens

The surface roughness (Ra) for the CoCr alloy bars in the

satin-finish, grit-blasted, and plasma-sprayed specimens

were 0.85 ± 0.03, 3.95 ± 0.15, and 9.29 ± 0.29 lm,

Table 1 Characteristic

indication of random damage by

the combination of IRDE and

MDEE

Small IRDE Large IRDE

Large MDEE Large physical scale of random damage

events with large event energy

Both physical scale and quantity of random

damage event are relatively large

Small MDEE Both physical scale and quantity of random

damage event are relatively small

Large quantity of random damage events

with low event energy

Fig. 2 A schematic drawing of the principles of the setup used for

generating the debris particles at the interface of the specimens, under

direct shear load
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respectively. The Ra magnitudes were significantly differ-

ent for the three groups (p \ 0.0001).

3.2 Patterns of evolution of random events

Typical temporal variations of the load and the corre-

sponding random damage events in the three study groups

are shown in Fig. 3. Note that the dots are the acoustic

signals, whose amplitudes are indicated on the right-hand

vertical axis.

3.3 Measurements of random damage events

For specimens in each of the study groups, there were a

large number of random damage events detected at each

loading stage (Table 2). IRDE for the plasma-sprayed was

significantly greater than that for the other two groups

(p \ 0.0001 in both cases). IRDE for the grit-blasted group

was higher than that for the satin-finish group, though not

significantly so (p = 0.2986). MDEE for the satin-finish

group was significantly greater than that for the grit-blasted

and the plasma sprayed groups (p = 0.0008 and 0.0015,

respectively). MDEE for the grit-blasted and the plasma-

sprayed groups were not significantly different

(p = 0.9859). However, there were significant differences

between satin-finish group and the other two groups for

both the IRDE and MDEE in the yield stage (p \ 0.0001).

3.4 Stress and acoustic emission parameters

The difference in ss for the specimens in the three study

groups (Table 3) was significant (p \ 0.0001). The differ-

ence in so between the grit-blasted and plasma-sprayed

groups was not significant (p = 0.7268), but the value for

each of these groups was significantly greater than that for

the satin-finish group (p = 0.0408 and 0.0218, respec-

tively). The difference in SR between the satin-finish and

grit-blasted groups was not significant (p = 0.0579), but

the value for each of these groups was significantly greater

than that for the plasma-sprayed group (p = 0.0004 and

0.0340, respectively).

3.5 Correlations between Ra, SR, and IRDE

Surprisingly, the stress ratio (SR) decreased linearly with

increase in Ra although the correlation was weak

(R2 = 0.383, p \ 0.0001, Fig. 4a). In contrast, there was a

strong exponential increase of IRDE with increasing Ra

(R2 = 0.729, p \ 0.0001, Fig. 4b). Note that in the range

8 lm \ Ra \ to 10 lm, the value of IRDE increased

substantially (Fig. 4b).

3.6 Morphological features of interfaces

The morphological features of the stem surfaces of the

interfaces after the shear tests are presented in Fig. 5. The

satin-finish stem surface is shown in Fig. 5a. It is mainly

the metal surface (in light color) without any obvious

residue of broken cement, except for one dark area (indi-

cated by an arrow), which was a surface defect. For a grit-

blasted specimen, we find a roughened cement surface

Fig. 3 Typical loading patterns in the pre-yield, yield, and post-yield

stages, as identified by AE, and the point of onset of random damage

events: a grit-blasted specimen, b satin-finish specimen, and

c plasma-sprayed specimen, (Note the change of load scale for each

group)
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characterized by fragments and surface irregularities

(Fig. 5b), a result of stem-cement debonding and fracture-

interlocked cement (indicated by the dark areas). Dark

areas (broken interlocked bone cement) are the dominant

features in the case of a plasma-sprayed specimen

(Fig. 5c). The observations of the transverse cross sections

Table 2 Number of random

damage events, intensity of

random damage event (IRDE),

and mean damage event energy

(MDEE) in the pre-yield and

yield loading stages

Surface finish Microcracks Pre-yield stage Yield stage

Satin-finish Total no. of random damage events 642 ± 304 1036 ± 310

IRDE [no./mm2] 1.0 ± 0.43 1.8 ± 0.54

MDEE [eu/event] 112.8 ± 36.17 323.3 ± 74.40

Grit-blasted Total no. of random damage events 1519 ± 397 2624 ± 235

IRDE [no./mm2] 3.2 ± 0.73 4.6 ± 0.41

MDEE [eu/event] 8.4 ± 1.13 69.2 ± 18.42

Plasma-sprayed Total no. of random damage events 5436 ± 930 5028 ± 581

IRDE [no./mm2] 15.7 ± 2.82 13.9 ± 1.76

MDEE [eu/event] 7.9 ± 1.46 127.8 ± 30.63

Table 3 Apparent interface

shear strength, microcrack

activity onset stress, and stress

ratio for the three study groups

Surface finish Interface shear strength, ss (MPa) Onset stress, so (MPa) Stress ratio (=so/ss) (%)

Satin-finish 0.377 ± 0.056 0.108 ± 0.031 25.842 ± 6.229

Grit-blasted 1.915 ± 0.107 0.273 ± 0.034 15.200 ± 2.335

Plasma-sprayed 9.480 ± 0.317 0.300 ± 0.085 3.237 ± 0.882

Fig. 4 a Correlation obtained between SR and Ra was: SR ¼ 0:27� 0:026� Ra R2 ¼ 0:383; p\0:0001
� �

; b correlation obtained between

IRDE and Ra was: IRDE ¼ 0:316e0:423�Ra R2 ¼ 0:729; p\0:0001
� �

Fig. 5 Morphological features of the surfaces of the interfaces in test

specimens after the shear tests. a Alloy side of the interface in satin-

finish specimen. There is only one black spot on the surface (indicated

by an arrow); b cement side of the interface in a grit-blasted

specimen; c cement side of the interface in a plasma-sprayed

specimen. In b and c, the light and dark areas are the metal and the

broken interlocked cement, respectively
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of the cement did not yield any distinguishable random

damage events that appeared to be due to the failures at the

interface that migrated into the bulk of cement mantle.

3.7 Characteristics of debris particles

Since satin finish and grit blasted interfaces are the ones

that are currently in use, we focused on these two groups

only. Regardless of the study groups, the debris particles

produced at the interface in a test specimen were entirely

bone cement particles, leading to the conclusion that the

interfacial bond strength is limited by the bond strength of

the cement. The sizes of the cement debris particles are

summarized in Table 4. For the satin-finish specimens, (1)

after ten loading cycles, the debris particles were cylin-

drical in shape (*150 lm long by *20 lm in diameter), a

result of rolling-up flat debris sheets and loosened cement

particles; and (2) when the number of loading cycles

increased to 100, agglomerations of smaller rolled-up

particles with increased diameter of *50 lm were pro-

duced (see the top two micrographs in Fig. 6a). In contrast,

for the grit-blasted specimen, (1) smaller debris particles

(\50 lm)—including the complete removal of some

cement beads—were produced after ten cycles; and (2)

when the number of cycles was increased to 100, the par-

ticles were further fragmented to be *25 lm (see the

bottom micrographs in Fig. 6a). There were no rolled-up

debris particles obtained from grit-blasted specimens.

We noticed that, after debonding, the resistance to

small-angle reciprocating motion was essentially the same

for the satin-finished and the grit-blast specimens. This

resistance is schematically depicted in Fig. 6b. Noteworthy

is the residual unsheared bone cement, which fills the

surface cavities, with the thickness being determined by the

height of the metal surface asperities. A similar phenom-

enon was noticed in different pairs of interface specimens

in our previous study [28].

4 Discussion

The acoustic signals revealed that, in each specimen in

each of the study groups, random damage events occurred

at surprisingly low stress (0.1–0.3 MPa). Shear stresses at

the stem-cement interface of a bonded stem-cement inter-

face in a THR have been estimated to be 1–3 MPa [29];

thus, the present results suggest that, in vivo, there is a high

probability that random damage would occur at the stem-

cement interface. Because local fracture/debonding are the

most likely causes that could produce debris particles in the

early loading stages, our technique to quantify the associ-

ated acoustic events is a unique way to reveal the pro-

duction of debris at the stem-cement interface. The

combination of significantly larger IRDE and small MDEE

values for the plasma-sprayed and the grit-blasted speci-

mens compared to the satin-finish ones (Table 2) suggests

that there would be a much higher probability for genera-

tion of random damage events in small physical scales.

These events are eventually attributed to the production of

large quantity of small debris particles at the stem-cement

interface. Together with Fig. 5, our data suggest that the

Table 4 Sizes of debris particles generated at the interface of test

specimens after 10 and 100 cycles of repetitive shear load

Surface finish 10 cycles [lm] 100 cycles [lm]

Satin-finisha 150 9 20 150 9 50

Grit-blastedb *50 *20

a These measurements are length 9 diameter
b The measurement is diameter

Fig. 6 a Micrographs of bone cement wear debris from the surfaces

of satin-finish and grit-blasted specimens after 10 and 100 cycles of

small-angle reciprocating motion (5009 magnification in all cases);

b a schematic depiction of the as-cast and bonded bone cement/metal

interface for satin-finish and grit-blasted specimens. ‘Before shear’ is

the as-cast condition and ‘after shear’ is the sheared and debonded

starting point, from which additional rubbing cycles accumulate
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dominant failure mechanism at rough stem interface is the

breakage of interlocked cement fragments. The combina-

tion of small IRDE and large MDEE values for the satin

finish interface indicates that the dominant failure mecha-

nism at this interface is debonding.

There have been contradicting reports regarding the

relative longevities of cemented THRs having grit-blasted

versus satin-finish stem [17–21, 23]. We contend that our

results for the random damage parameters (IRDE and

MDEE) for the grit-blasted specimens may contribute to a

resolution of this controversy. We note that IRDE for the

grit-blasted specimens was significantly higher than for

satin-finish specimens while the trend for the MDEE results

is the reverse. Taken together, these results suggest a sig-

nificantly higher probability for debris particles generation

at the interface in grit-blasted specimens than in satin-finish

ones.

We recognize some limitations of our study. First, the

loading was quasi-static. Although, during most daily

activities, the stem-cement interface is subject to cyclical

loading, for some cases, such as sitting, the loading expe-

rienced is quasi-static. Because we found that random

damage events occur at very low apparent shear stresses,

these damage events are anticipated to occur even in early

fatigue loading stages. Second, the tests were carried out in

air rather than in, say, phosphate buffered saline (PBS), at

37�C. We do not anticipate that the trends seen in the

present work would be different if the tests are conducted

in PBS, at 37�C. Third, we used rectangular stem and

cement layers, whereas, the shape of the stem-cement

construct is complex. From the generation of random

damage point of view, construct geometry is unlikely to

have a marked effect on the trends seen in our results.

Lastly, we collected the debris particles under dry condi-

tions. However, according to the principles of friction, dry

friction is the worst-case scenario [30, 31].

In conclusion, the results support both study hypotheses.

The significance and implication of this work are that there

exist significant differences in even a very basic simple

stem-cement interface model, and these differences suggest

that satin-finish stems are desirable.
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