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Abstract 24 

The effect of cyclic loading on the torsional stiffness of a polished double tapered 25 

femoral stem was investigated in vitro.  Initial torsional stability was compared to torsional 26 

stability following cyclic loading.  Stems were removed from the cement mantle and 27 

reinserted without the use of additional cement.  Torsional stability was measured 28 

following reinsertion and following further cyclic loading. 29 

 30 

Subsidence of the stem was observed.  No difference in torsional stiffness was 31 

observed during loading.  No difference between the stiffness prior to extraction and 32 

following reinsertion was observed.   33 

 34 

Torsional stiffness of an Exeter stem does not decrease following axial 35 

subsidence under cyclic loading.  Stability is retained following reinsertion into the 36 

original cement mantle.  Debonding of the Exeter stem is not associated with rotational 37 

instability of the implant.   38 

 39 

 40 
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Introduction 42 

A total hip replacement (THR) stem is exposed to a combination of torsional and 43 

axial loading forces in vivo (1, 2). This occurs particularly during activities of daily living 44 

that require standing on the flexed hip, such as rising from a chair and stair climbing. 45 

Under those circumstances, a posteriorly directed force is applied on the prosthetic head, 46 

generating an internal rotation moment about the long axis of the stem. In a telemetrised 47 

in vivo experiment it has been shown that peak torque during stair climbing reached 48 

20Nm in the early postoperative period (1). It was further speculated that torsional forces 49 

might well become higher at a later date, when the patient has fully rehabilitated from the 50 

operation.  Immediate torsional stability of a THR stem has been found to be due to 51 

several factors, including use of cement (3). Prosthesis geometry is also relevant, with 52 

flatter and curved shapes being more stable than cylindrical and straight ones (4-7).   53 

 To the best of the authors’ knowledge, the torsional stability of a polished 54 

double tapered cemented stem has not been investigated. This type of stem is known to 55 

subside by a few millimetres within the cement mantle in vivo, due to creep of the acrylic 56 

cement within the first 1-2 years of use (8-11). This subsidence would be expected to 57 

improve the torsional stability of the system by engaging the tapered stem into a tighter 58 

interlock within the cement mantle.  Hence it was hypothesised that, given the amount of 59 

subsidence expected, no measurable variation in torsional stability or stiffness will be 60 

observed. 61 

During the conduct of revision THA, access to the acetabular component may be 62 

facilitated by removal of the femoral component with retention of the well fixed femoral 63 

cement mantle. The second hypothesis is that following the extraction and reinsertion of 64 

the implant the stem will return to the initial torsional stability following adequate setting 65 

of the implant into the cement mantle. 66 



 67 

This study was designed to investigate the torsional stiffness of the Exeter stem 68 

following periods of loading, generating subsidence of the stem, and to assess the 69 

torsional stability of the stem following removal and reinsertion of the stem in the 70 

existing cement mantle. 71 

 72 

Materials and Methods 73 

An experimental model was developed using Sawbones medium left femora 74 

(model 3303, Pacific Research Laboratories, Inc., Vashon, WA).  The study examined the 75 

torsional stability and migration of the Exeter stem following periods of cyclic loading 76 

and relaxation prior to and following extraction and reinsertion of the stem. Focus was 77 

then given to the extraction and reinsertion process to examine the torsional stability of 78 

the Exeter implant immediately following reinsertion.   79 

All implantations were performed by the same orthopaedic surgeon with the use 80 

of custom made implantation guides to provide reproducible positioning in three planes.  81 

The cement used in all cases was Surgical Simplex P (Stryker Corporation, Rutherford, 82 

NJ, USA) hand mixed at approximately one cycle per second for 60 seconds at 83 

atmospheric pressure and at 22±1°C and poured into the femur without pressurisation.  84 

Cement restrictors and centralisers were used for all cases.   85 

The position of the stem relative to the femur was verified for the initial 86 

specimens by standard anterior-posterior and lateral radiographs.  This was done to 87 

ensure that the alignment of the stem was neutral with respect to the axis of the femur.  88 

Alignment was assessed using PACS CD-viewer software (Agfa-Gevaert).  Stem 89 

alignment was measured three times for each specimen by two independent observers 90 

and averaged.   91 



 92 

The LVDTs were calibrated using an LVDT calibration device (Sylvac D 50 P).  93 

Given the sensitivity and the energising voltage of the LVDT in combination with the 94 

data acquisition equipment used the minimum measurable displacement was calculated to 95 

be 0.2μm. 96 

Anatomical cyclic loading consisted of a single force of 650N applied at 1Hz to 97 

the head of the implant using a custom built pneumatic load rig.  The long axis of the 98 

femur was positioned at an angle of 10° in the frontal plane and 11° in the sagittal plane 99 

using a purpose designed femoral constraint.  This setup provided similar loading to peak 100 

hip reaction force during normal walking (2) and included both a longitudinal and 101 

torsional component.   102 

Torsional stiffness was assessed using a Hounsfield Materials Testing Machine 103 

(Hounsfield Test Equipment Ltd., Salford, England) and a purpose designed torsional 104 

testing rig (Figure 1).  This rig was designed to generate pure torsion about the long axis 105 

of the implant, such that the distal tip experienced only rotation and no translation.  The 106 

specimens were cycled from 0 to 6Nm using a cross head speed of 10mm/min for 10 107 

cycles.  Applied torque was plotted against rotation, the gradient of which provided the 108 

torsional stiffness of the specimen in Nm/degree. 109 

In addition measurements were made of the movement of the stem relative to 110 

the femur during the six day loading protocol to relate the torsional stiffness 111 

(Nm/degree) to any rotation of the implant within the cement mantle.  Relative 112 

displacement of the implant with respect to the femur was measured using two Solartron 113 

DC spring return linear variable differential transformers (LVDTs) with a calibrated 114 

range of ±5mm.  The LVDTs were mounted on the surface of the femur and pins were 115 

fixed to the implant through oversized holes drilled through the femur and cement.  The 116 

first pin was positioned 60mm from the proximal shoulder of the implant and the second 117 



100mm from the first.  The displacement of the implant was determined by scaling the 118 

displacement measured by the LVDTs relative to the length of the pin.    119 

Reinsertion within the experimental model was carried out by removing the stem 120 

from the cement mantle and cleaning the stem with acetone followed by water to remove 121 

any residue and then dried.  The stem was then replaced into the original mantle.   122 

Exeter +37.5mm No.1 stems (37.5-1 Exeter) were used for the study.  The 123 

extraction and reinsertion process was further investigated using the more common 124 

Exeter +44 No.1 stem (44-1 Exeter).   125 

Two femora were used to initially investigate the torsional characteristics of the 126 

stem using a six day protocol.  Within this protocol the stem was loaded for four days 127 

before the extraction and reinsertion process was carried out.  Prior to extraction the 128 

stems were loaded for six hours a day followed by 18 hours of relaxation.  The torsional 129 

stability of the stem was measured at the end of every six hour loading period and prior 130 

to extraction.  For the two days following the extraction and reinsertion process the 131 

specimens were loaded in two hour blocks for six hours a day in order to determine if 132 

there were any rapid changes in torsional stiffness following reinsertion.   133 

Four femora implanted with 37.5-1 Exeter stems were then used to investigate 134 

the extraction and reinsertion process.  The torsional stiffness of the system was 135 

measured immediately prior to extraction, immediately post-reinsertion and post-136 

reinsertion following ‘setting’ of the implant.  During reinsertion the implant was inserted 137 

to the same marker on the stem as for the initial insertion.  However, the implant was 138 

not forced into the mantle during the reinsertion.  This was done in order to emphasise 139 

any variations in torsional stiffness that may exist as a result of the implant not setting 140 

correctly into the mantle.  The setting process is similar to the setting of machine tapers, 141 

used in order to keep a taper shank tool in place.   142 



Setting of the implant was carried out using either 10 loading cycles within the 143 

cyclic loading device or a hammer.  Setting of the stem using 10 loading cycles was 144 

achieved using a cyclic load of 0-1800N with a frequency of 1 Hz for 10 cycles.  This 145 

loading was intended to simulate 10 steps the patient takes onto the revised hip following 146 

surgery.  Setting of the implant using a hammer was carried out by applying no more 147 

than three light taps to the proximal shoulder of the implant such that the force was 148 

inline with the long axis of the stem.   149 

The same specimens were used for both setting procedures.  The implants were 150 

extracted, reimplanted and set using 10 anatomical loading cycles.  The implants were 151 

then extracted a second time, reimplanted and set using a hammer.  Torsional 152 

measurements were taken following initial implantation, following each reinsertion and 153 

following subsequent setting of the implant.  No loading of the specimen took place 154 

prior to the first torsional stiffness measurement. 155 

The investigation of the extraction and relocation process was then extended to 156 

include the 44-1 Exeter stem.  Four femora were used for the 44-1 Exeter study.  Setting 157 

of the 44-1 Exeter stems was carried out with 10 anatomical loading cycles only. 158 

All processes including initial implantation, loading, reinsertion and torsional 159 

measurements were undertaken at 37±1°C.   160 

 161 

Results 162 

The position of the implanted stems relative to the Sawbones femur was measured 163 

to have a mean(±SD) of 0.3º(±0.1º) showing that the stems were implanted in a neutral 164 

and repeatable position.   165 



The distal migration of the head of the implant in the direction of the applied 166 

load is shown in Figure 2.  Subsidence measurements between 0.15 and 0.5mm were 167 

observed over the 86,400 loading cycles.   168 

The gradient of the force-displacement diagram was similar for the anterior and 169 

posterior loads, indicating that the stem possesses equivalent torsional stiffness in both 170 

directions.  The torsional stiffness for the posterior load is clinically significant for stair 171 

climbing, which produces torque values 83 per cent larger than for walking (2), and is 172 

therefore used as the torsional stiffness value. 173 

Levene’s test showed no statistically significant difference between the torsional 174 

stiffness during the first four days of testing (P<0.01).  The torsional stiffness values for 175 

the two specimens are presented in Figure 3.   176 

Following the extraction and reinsertion process the torsional stiffness was 177 

immediately reduced.  The torsional stiffness returned to the original value following two 178 

hours of cyclic anatomical loading (Figure 3).  No quantifiable rotation of the implant 179 

relative to the bone was observed during torsional tests carried out over the first 86400 180 

loading cycles.  The reduced torsional stiffness of the reinserted stems was accompanied 181 

by observable relative rotation at both LVDT positions of approximately ±0.15 degrees.   182 

Relative rotation returned to zero with the increased torsional stiffness observed 183 

following two hours of loading.  A Mann-Whitney U test found no statistically significant 184 

difference between the values of the torsional stiffness measured before and after the 185 

reinsertion process once the specimen had been loaded. 186 

The results from the study of torsional stability focusing on the extraction and 187 

reinsertion process are presented in Figure 4.  The results for the Exeter 37.5-1 stem 188 

show a similar response to reinsertion as seen in the long term study.  A Mann-Whitney 189 

U test found significantly reduced stiffness at the reinsertion state (P=0.33) for the 190 

Exeter 37.5-1 stem.   191 



Figure 4 shows the results for the same study for the Exeter 44-1 stem.  A Mann-192 

Whitney U test found no statistical significant difference between the three trials for this 193 

implant.  The immediate reinsertion stability of the Exeter 44-1 stem was improved as a 194 

result of the proximal geometry of the stem and the tendency of the stem to positively 195 

relocate, in effect setting itself without the need to use either anatomical loading or a 196 

hammer.   197 

The positive relocation of the stem removed the need to carry out the hammer 198 

tap study with this stem.  Setting of the stem using 10 anatomical loading cycles was 199 

carried out for completeness.   200 

 201 

Discussion 202 

 203 

An experimental protocol has successfully been developed that enables axial 204 

subsidence and torsional stiffness of the femoral components of THA to be studied.   205 

This study showed that with the tapered design of the Exeter stem distal 206 

migration did not result in a reduction in torsional stability of the prosthesis.  Clinical 207 

follow up of 17 years indicated that the Exeter stem moves distally within the cement 208 

mantle, without disruption of the cement-bone interface (9, 12).  Micromotion at the 209 

cement-stem interface has important implications for the generation of wear particles and 210 

the long-term life of the implant (4, 13). Cement surface wear is more pronounced on the 211 

lateral part of the anterior surface and the medial part of the posterior surface of the 212 

stems; this pattern of polishing is consistent with repeated torsional micro-movement 213 

generated via internal rotation (13-15).  A stem with a polished surface finish greatly 214 

reduces wear particle generation and appears to retain the debris on the surface of the 215 

stem without significant damage to the cement mantle (13).   216 



The number of steps taken by a total hip patient has been estimated at 217 

approximately 1.1 million per year (16).  The majority of the implant subsidence occurs 218 

within the first two years of implantation and for an Exeter stem is about 1.2mm with a 219 

tendency for the head to migrate posteriorly at approximately 0.3mm per year in the first 220 

year (11, 12, 17).   221 

If the source of the posterior migration is attributed to cement creep then, in 222 

conjunction with the stabilising mechanism of subsidence (11), it will have little or no 223 

effect on the rotational stability of the stem.   The number of loading cycles used for this 224 

study correlates to 1 month of equivalent loading for an active patient.  This study 225 

produced 0.15mm to 0.5mm of subsidence which more closely represents 1.8 to 6 226 

months activity.  Hence, some care should be taken in interpreting the direct in vivo 227 

relationship of these data. 228 

A comparison of Figure 3 and stem angular rotation for reimplanted and fixed 229 

stems shows that as the torsional stiffness of the system approaches the original torsional 230 

stiffness, the rotation of the implant with respect to the femur returns to zero.  A relative 231 

displacement of zero indicates that the taper of the implant has engaged the femur-232 

cement system and that effective fixation, under torsional loading, between the implant 233 

and cement is maintained.  This is in keeping with the hypothesis that an Exeter stem 234 

implanted with a suboptimal cement mantle will resist rotational torque following 235 

compression at the interfaces (12).   236 

The torsional stiffness of the stem has been shown to be related to the setting of 237 

the implant.  This is not directly proportional to the force of reinsertion as the geometry 238 

of the implant and the retained cement mantle will affect the force required to obtain a 239 

true setting (where true setting is defined as being the setting required to achieve the 240 

original torsional stiffness).  In the case of the 44-1 Exeter stem the setting force was 241 

negligible as a result of the retained proximal-lateral cement mantle.  The 37.5-1 Exeter 242 



on the other hand required some force either in the form of three hammer taps or 10 243 

cycles of anatomical walking loads to obtain a true setting of the implant.  10 cycles of 244 

anatomical loading was chosen as a small and repeatable number of cycles, true setting of 245 

the implant could be observed by the sound of the implant popping back into place and 246 

while less than 10 cycles were not tested it was observed that no more than 3-4 cycles 247 

were required to obtain true setting.   248 

The act of complete debonding of the stem-cement interface by removing the 249 

implant and reinserting the implant did not negatively affect the torsional stability of the 250 

implanted stem.  So long as the debonding is followed by a period of loading, such as 251 

walking to obtain a true setting of the implant, then there is no evidence to suggest that 252 

the implant will not function correctly in terms of torsional stability.   253 

This protocol was developed for the measurement of both the distal migration of 254 

the stem and the torsional stiffness of the specimen.  Loading of the implant (including 255 

measurement of the displacement) and torsional stability of the implant therefore needed 256 

to be carried out on two separate devices.  There are two technical points of note arising 257 

as a result of the relocation of the specimen from one device to the other.  The PMMA 258 

and bone analogue used within this analysis are viscoelastic and the distal migration 259 

measurements were intended to measure both the elastic and viscoelastic displacement of 260 

the system.  The exponential nature of the viscoelastic response resulted in the largest 261 

recoverable displacements occurring immediately after the removal of the load.  262 

However, distal migration data could not be collected over the fifteen minutes during the 263 

time the torsional data was being collected. 264 

 The second point of note was that the removal of the specimen from the 265 

anatomical loading rig created a discontinuity in the measurement of displacement.  266 

Hence, Figure 2 should be interpreted only as demonstrating progressive stem 267 

subsidence with loading.  Confidence in the absolute values of stem displacement is 268 



limited because they rely on measuring extremely small tolerances within a complex 269 

model.   270 

These limitations do not detract from the interpretation of the results however, 271 

as after only limited loading post reinsertion subsidence with a definable end point will 272 

occur, which correlates with the simultaneous return of optimal torsional stability of the 273 

system. This indicates that the Exeter implant after reinsertion assumes the position of 274 

the original prosthesis after only minimal postoperative loading.  275 

This investigation has shown that the torsional stiffness of the Exeter stem is 276 

maintained as the stem migrates distally within the cement-bone system.  Furthermore, it 277 

has been shown that removal of the stem from the cement mantle, resulting in the 278 

complete debonding of the stem-cement interface, does not adversely affect the torsional 279 

stability so long as adequate setting of the implant takes place after reinsertion.  Setting of 280 

the implant is easily and quickly obtained by using either 3 taps of a hammer of 10 281 

anatomical loading cycles, resulting in torsional stability equivalent to primary 282 

implantation. 283 
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Figure 1.  Torque rig with the femur removed to show the implant-torque arm 

coupling 

This rig provided pure torsion about the long axis of the implant.   
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Figure 2.  Distal migration of the stem over the 4 days of loading.  

The displacements in the negative direction correlate to the loading period.  Displacements occurring 

instantaneously correlate to elastic displacement of the system.  Displacements occurring over time, the 

curved sections of the graph, correlate to the viscous and creep displacement of the system.  Note that 

non-recoverable displacement occurs following each day of loading. 
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Figure 3.  Torsional stiffness of the stems as a function of the number of applied 

loading cycles measured immediately after loading.   

The second stiffness value reported for 86400 cycles is the stiffness measured following reinsertion.  The 

error bars show standard deviation in the torsional stiffness values calculated for each of the 10 cycles. 
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Figure 4.  Torsional Stiffness for the three implant states where the third state is 

setting of the implant.   

* indicates a statistically significant difference in stiffness from the secure stiffness value 

(P<0.05). 

Two of the three bars show the torsional stiffness values of the Exeter 37.5-1 being set 

using either 10 anatomical loading cycles or 3 light taps of a hammer.  The third bar 

shows the torsional stiffness of the Exeter 44-1 set with 10 anatomical loading cycles. 

 

 
 
 
 




