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Total hip prostheses as a method of surgical treatment of osteo- 
arthrosis are being implanted at  a significantly increasing rate. 

Although the short term results are  promising, the late results and 
late complications are as yet not well documented. A s  f a r  as  mechani- 
cal problems are concerned, attention has been focused on wear a t  the 
articulating surfaces and skeletal fixation of the prosthesis. 

This paper is concerned with another type of mechanical problem : 
fatigue fractures of the femoral stem. A report on the operative, 
radiological and metallurgical findings in our cases of stem fracture 
is presented. Experimental loading tests have been conducted in an 
attempt to clarify some aspects of this mechanical failure. 

C L I N I C A I, M A T E R I A L 

From a total of 50 rcplacement arthroplasties of the Charnley-hluller type, Co, Cr, 
Ma, casting alloy: Protasul (C  0.2-0.3 per cent - S 1 per cent - Mn 1 per cent - 
Fe 2 per cent - Mo 5-6 per cent - Cr 25.5-29 per cent - Co Rest) there were fatigue 
fractures of the femoral stem in six cases. We have not, as yet, experienced this 
complication in any patients from an earlier series of McKec-Farrar or  a later 
series of Charnley stainless steel prostheses. 

All  six patients had apparently had successful rcplacemcnts and then experienced 
a sudden onset of pain and a feeling of instability in the affected leg on weight- 
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FAILURE I N  TOTAL HIP PROSTIfESIS 695 

Figure I .  X-rall r h w k  20 months 
p o s t o p c r a t i o ~ l ~ .  Failure of tlic s f ~ m  
at the l imit  of the u p p e r  arid 
midtilc third. 
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Figure 5. x-ray] f i l m  19 nioriths 
postoprrativelil reveals thc frarticre 
in the initldle third of the strrn 
and angiclation o f  the  fraynients.  

Figure 4 .  The level of the different stern fractures is 
indicated. A concentration of the levels of failure 
in the niitfdle third of the s tem is noticed. 
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Z‘igure 5 11. Reconstruction of the relationship 
of the stern and  the acrlllic mantle shows the 

Figure 5 A.  The acr!llic mantle, incompltTte covering. l ’ar t icular l~~ the fact  that  
reniooed a t  the time of revision the upper medial edge of the stem is not in 
through a large window in the contact with cement can cause an  unfavourable 
lateral  cortex, did not cirrum- loading ronfiguration. The a r row indicates the 

scribe the entire stem. Ieoel of the fracture at the femoral stem. 

hearing. The details of t he  failures are summarized in Table 1. All prostheses failed 
between eighteen and twenty-seven months post-operativcly. 

Radiographs taken af ter  the onset of pain rcvealed fractures of the stem of the 
femoral component with some displacement of the fracture ends, indicating that  
the metal was not immohilizetl by the surrounding acrylic (Figures 1, 2 and 3). The 
sites of failure, in terms of percentage of stem length measured from distal  to 
proximal, are shown in Figure 4. The failure site ranged i n  level f rom 36 per  cent 
to 71 per cent of the stem length with three of the six failing a t  45+3 per cent of 
the stem length. The radiographs revealed no abnormal relationship between the 
femoral stem and acetabular cup nor any  malposition of the femoral component. 

A common finding in all  failed cascs, however, was that  the femoral stcm was 
tilted outwards with regard to the axis of the medullary canal and the t ip  was 
near the lateral  femoral cortex. 
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Figitrr 6. S . E . U .  pirlurr bll (I 

(:anibrit/gr .$trrrnsrnn shoioirig t h t ,  
tliffrrrrtt pattrrrt of failure ( i f  

t he  outrr third rrprrsertliri~/ t h r  
ini t iat ing fa l igl l r  :on(’. 

The  rrin~~irti i tg tiuo thirds of lhc  
cross srctioii shows  (I brittle 
fractiirr pciftrrit. 

Figurr 7. S.B.M. pirtitrr o f  f h r  
fracture sitc of the  strni (case 3).  
The  oritcar two thirds of the  rrnss 
sectioii f a i l r t l  in f a t i g u e  arid t h r  
rc~ntainiriy pflrt f l ) l i f J l V ( ’ t l  With 
(J brittle fracture at  the t inir  th(. 
cross SP(.tI‘OIi IlJfiS l I J ~ ~ C l ~ i ( ~ I l l V ~  rriorrgh 
t f J  alloro (I scctltlcri brittle fmclitri3 
~f the irirtrr third o f  thc area. 
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1:igure 8 .  illefnllurgirnl examinnt ion s h o w s  mirrormitfs  o f  d i f f e r e n t  sizes in the  
nintc*rinl nenr thc f r a c f u r c  si t (> .  Afngnifiration 660 X.  

A review of the  radiographs from non-fractured cases revealed a variation in the  
inclination of t he  femoral stem in the  mcdiillary canal. 

Operative f indings:  Four of t hc  six cases came to revision hecause of pain antl 
i n s t abi 1 it  y ; t wo had in sii f f ic ien t com p 1 a i n t s t o warrant  ex plo ra t ion . 1 n t h w e  
of the four  cases explored, the  femoral prostheses were removed hy resection of a 
large piece of the  lateral  cortex and  an  assessment of the  acrylic could hc made. 
The o ther  case had the  femoral component removed from ahovc. 

Two cases demonstrated cracking of the  acrylic. Incomplete covering of the  
femoral stem hy  the  acrylic mant le  was seen in the  third case antl failure occurred 
at  the  edge of the  dcfect in thc acrylic mant le  (Figure 5 A and 13). 

A f ~ ~ t n f l u r g i r n l  s t u d i e s :  Three of the  failcd femoral components were studicd with 
a Camhridgc scanning electron microscnpc and  wi th  a Heichcrt blcF2 microscope. 
The latter study was done af te r  the  specimens were prcparctl hy grinding and 
po 1 is hi ng o 11 d i amo nd cloth, f o 1 lo  wcd 1, y c hcm i c a 1 or c l ec t ro I y t i c a 1 et ch i 11 g. 

Examples of the  scanning EhI findings are shown in Figures (i and 7. These 
demonstrate a fatigue failure o f  the lateral  side of the  cross scction followcd hy 
a hrit t le fracture of the  remainder. 

The metallographic examination rcvcalcd a coarsr grained cast structure with 
typical hasaltic crystals, of a mean diameter of 1 mm, which met in thc  micltlle. 
These crystals formctl a mosaic pattern with scattered ra ther  t han  longitiitlinal 
orientation. Several microvoids were seen (I’igure 8).  As shown in Figure 9 A and 
B precipitations of cutecticum and impurit ies a t  the grain houndarics mere also 
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seen. These prohahly represent a brit t le (,-phase which is c sp~v ia l ly  prone to occur 
in cast cohalt alloys. 'I'he precipitation of th i s  m-phase can he causctl h y  the 
presence of impurit ies or  hy inappropriate previous thermal or mechanical treat-  
ment. 

A heat treatment was  carried out  on a specimen a t  1300" C for one hour. This 
treatment caused the  complete dissolution of the  cutccticum and par t ia l  tlis- 
appearance of t he  precipitations at  the grain houndarics (Figure 10) .  After this 
thermal  trcatmcnt only electrolytic etching could make  the  grain hoiindaric~s 
visible. A compression test showed tha t  thermal treatment (1300" (:-l hour)  in- 
creased the  yield stress ( u o . 2 )  of the  material  in spite of grain growth which 
normally decreases the  yield stress. 

In summary  it can be stated tha t  grain size, grain structure and phases appearing 
in these specimens are unfavourahle for  a material  tha t  is exposed to impact I r int l .  
while the  microvoids observed represent an  incidental danger. 

E X  P E R I hl E N T A I, S T I1 D Y 

Because mechanical factors a s  well as material  properties may be invnlvcd in the 
failure of these prostheses, an esperimental  model was designed to test some ( i f  

these factors. 
The  aim of the  experimental study was to  obtain a n  approximation of the  

stresses a t  the  outer surface of t he  fcmnral s t rm in  uiuo where craclts in the  
acrylic or incomplete covering of the  stem by t he  acrylic cause a n  unfavourahlc 
loading configuration, yiclding high tensile stresses at  the site of the  discontiniiity 
in the acrylic mantle. 

In order to obtain more meaningful da ta  two types of prostheses werr tcstctl 
under the  same experimental conditions. 'I'he two types were the  Charnley 
Prosthesis (Stainless steel 316 I.Vb1-ASThl 17-1 38) Zimmcr Company and  the 
Charnley bluller prosthesis Co, Cr, Mo cast alloy: Protasul (<: 0.2-0.3 per ccnt - 
S 1 per cent - Mn 1 per ccnt - Fe 2 ptr cent - hlo 5-6 per cent - Cr 25.5-29 per ccnt 
Co Rest). This allows comparison and relative figures where the  results as such 
cannot he aplietl to the clinical si tuation. 

hl E T I1 0 D S 

The femoral component of a Charnley hlullcr I'rotasiil and a stainless stccl 
Charnley prosthesis were imbedded at  the i r  stem in  an  epoxy (Tcchnovit) (F igure  
1 1 ) .  The level of imbedding was  57 per cent of the i r  stem length and the  stem was 
mounted vertically so tha t  t he  applied load on the  femoral head a t  0" was parallel 
to  the  axis of the  femoral stem (Figure 1 2 ) .  

The specimen was loaded by  a n  Instron testing machine at  t he  femoral head 

& 

Figure 9 A and B. Metallographj1 shows tht, coarse size. Eutectirum ant1 
precipitations a rc  obsrroetl at the grain boundaries. 
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Figure 9 A .  Magnification 60 x. 
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Figure 9 U .  Magnification 450 x. 



TO:! 

I ' i y i i r c~  11.  Shows t h e  mount ing  of 
the fernorul component in the 
~ p i i ~ l l  (Tuc*hnoi~i t ) .  lhi, IuveI is 
57 pcr c e n l  of the height of 

the feinoral s tem tinti tiuo strain 
guugcs  uri' sc~uli4 on the outer base 
at un itli,ntirnl relative height 
f o r  both pros thes i ,~ .  
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I I Figure 12. Shozus the level of im6etiding at 
57 per cent of the stc>in height and t he  

tlemonstratc~s th(,  +- 20 per writ t1ifferrnc.c. 
in bending znoment a rm at t he  s t em being 
t he pi,rpc~ndic u Iar 11;s tan re  bct cuc,en 1 he 
application line of the  experimental loading 
force  rzrttl t h r  axis of the  s tem.  
7’his ~ O P S  not riecessarilll represcvit t he  
ntomc~rtt ( irm of the rcjsultant joint rcaction 
force i n  vivo where thP direction of t he  
reszzltant force  at the  femoral  head zoill b e  
influenced 611 the  possi6le action of t he  
a611 uct or rn uscles. 

/lJcafiOtl I J f  t h ( ,  Strain gnIlgcS. I t  CllSO 

Figure 13. Shows  the d i f ferent  erprrimetttnl  
loading directions in ortlrr t o  eonlitate 
the influenre of the  inrlinatiori of the  s t e m  
uxis w i th  regard to the axis of 

t h e  femoral  shaf t .  
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:[e x loo] 'b  

Figure 14 A. A material  specinien talien from a Charnlrll lllullrr Prosthrsis 
was tested in tension in order to determine: 

- the modules of elasticit11 (E = 21,800 k g / m m ~ ) ,  
- the 0.01 llielding point ( u ~ + ~ ,  = 30 kg/nirnZ)), 
- the 0.2 uielding point (uo.s = 44.2 I;g/mm2). 

The ult imate tensile strength is 72.6 Iig/mm*. 

with interposition of Teflon sheets in order to avoid friction. The cross-head speed 
was 0.02 cm/min. 

Two strain gauges were sealed on the lateral surface a t  an idcntiral relativc 
position on the stem (Figure 12). The loading a t  the fcmaral head was applied in 
three different directions; parallel to the axis of the stcm (0") and with a valg~is  
(-5") and varus ( 5 " )  position of the stem towards the loading application line 
(Figure 13). This  variation in loading direction towards the fcmoral stem was 
applied in order to evaluate the effect of  inclination of the femoral stcm with 
regard to the femoral shaft  axis. The degree of possible deviation of thc stern from 
the axis of the femur i n  the frontal  plane is dependent upon the width of the 
metlullary canal but measurements demonstrate that  u possible tilting over -+ 5"  
is a realistic average figure, The modulus of elasticity and the yielding point were 
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0.01s. 
0 2% 

determined on a tcnsile material  specimen talicn from the samc txpe o f  prosthesis 
(Figure 14). 

The 0.01 yield stress was taken as a reference point instead of the  0.2 point which 
is usiially given, because the former  is  morc relevant fo r  a fatigue phcnomrnon, 
tha t  is  explained by a cyclic loading of the  matcriul  within a critical zone of 
stress. 

I\  I.: s u 1. ‘I s 

The relationship of the applied load to lhe mcasiirctl strain is sho\\n 
in Figures 15, 16, 1 7  and 18. I n  both types of prosthesis the strain 
recorded at the lower strain gauge was highcr than lhat at the uppcr. 
This is explained by the fact that the lower strain gauge is affectctl hy 
lhe clamping of thc prosthesis in thc cpoxy and the diffcrcncc in cross- 

45 ACTA ORTHOP. 45, 5 
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c IKp/mm I JJ STRAIN 
I 

Figure 15. Churnleu Prosthesis. Readings at the  upper strain gauge. 

)r STRAIN c IKgirnm2l -- 

2000 - 

400 LOAD KO 

Figure 16. Charnlefl Prosthesis. Readings at the lower strain gauge. 

Figures 15, 16, 17, 18. Load deformation curves f o r  thc, t w o  tllpes of prosthesis ut a 
loading direction of a = O", a = 5" and a = (-5"). The strain gauge readings on 
the left  are converted to stress on tlte right. The  loading at t he  u,~.,,, l eve l  is 
indicated and taken  as a reference p o i n f .  l h c  ortiin1 loatlirtg is kept below the 
Ilielding point in order to avoid artefacts at reloading bll the resultant plastic. 
deformation in the  s t em or the  epoxll. Sufficient strain gauge readings were 

recorded to allow for an accurate extrapolation of the  curve. 
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p STRAIN a- ~ k p l m m z  I 
I I 

Figure 17. Charnley Muller Prosthesis. Readings at the upper strain gauge. 

707 

Figure 18. Charnley Muller Prosthesis. Rcatlings at the lower strain gauge. 

sectional area at  the different levels. The rccordcd strain at equal loads 
was higher for the Charnley prosthesis than for Charnley Nuller 
prosthesis . 

The moment arm of the bending moment at the femoral stem 
produccd by the loading force at the femoral head was about 25 per 
cent smaller for the Charnley Muller prosthesis in comparison with 
the Charnley prosthesis (Figure 12) .  However, this effect was cancelled 
to some extent because of the smaller cross-sectional area of the 

45' 
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Charnlcy Rluller femoral stem at the level of  the recorded strain. ?'tic 
tapering of the stem is more pronounced in the Charnley AIullrr 
prosthesis ( Figure 19) resulling in n steeply tlccrcasing cross-sectional 
area of the stem. 

Load at the fcrnoral head I.oatl at the fcrnoral head  
for 0.01 yield stress at for 0.01 yield stress at 
the lower strain gauge thc uppcr strain gauge 

Inclination of the stern +5" n o  --5" + 5" 0" - 5" 
Charnley type 2 n i  256 23 7 5?U 448 u x  
(:harnlcy Alullcr type 1 no 132 112 3%; 313 2778 
Ratio 1 .5u 1.94 2.12 1.48 1.43 1.54 



Figures 15, 16, 17, 18 demonstrate that tlie 0.01 yield stress was 
reached at  a significantly lower load for thc Cliarnlcy Alullcr prosthesis 
than for tlic Cliarnley prosthesis. This differcncc is mainly due to tlie 
different 0.01 yield strcss of tlic material. 

The 0.01 yield stress is 68 kg/mm2 for stainless steel and 30 kg/mm2 
for the Protasul alloy (Figure 1 4 ) .  The absolute values of the load at 
the yield stress increase from the valgus ( - 5 " )  towards the variis 
( + 5" ) position. 

A 5" deviation of the prosthesis stem from the femoral shaft  axis 
altcrs tlic loading conditions at  tlie femoral stem significantly (Figures 
15, 16, 17, 18) .  Thcre was a 2 20 per cent decrease of tlie loading at  
the femoral head from a +5"  position towards a -5" position to 
obtain the level of 0.01 yiclding stress for thc surface covered by the 
strain gauge. 

Tablc 2 shows the load at the femoral head a t  tlie 0.01 yiclding point 
for the Charnley and the Charnley Rluller prostheses in the different 
loading directions. The  ratio of tlie loads at the 0.01 yield slrcss for the 
two prosthcscs was approximatcly 1.5. 

C 0 N C I. 17 S I 0  II' S 

In  our scries of total hip replacements using tlic Charnley RIuller 
prostlicsis (Protasul alloy), a fatigue failure a t  the femoral slem 
rcprcscntcd a mechanical complication with a high incidence ( 6 / 5 6 ) .  It 
interfered with the clinical rcsul t neccssi tatiiig a revision in some 
cases. From the clinical antl experimental studics we can conclude that 
technical, material and mcchanical factors arc operative in failures 
of the femoral stem in total hip prostheses. 

It would seem to he technically importaiit to insert the stem in t h e  
varus position with respcct to  the femoral shaft axis antl to insure that i t  
is well covered by acrylic. The cracking of the acrylic is a potential 
danger Icading to an iinfavour:iblc loading condition of the femoral 
stem. Stainless steel is a more resistant matcrial with regard to fatigue 
phenomena in comparison with the protasul alloy Iwcausc of  the 
sign if i c an t 1 y his  11 c r y i el d i 11 g poi n t an (1 i t s lie t t e r 111 e t a1 I og ra pli i c 
strucl ure. 

s u hl hl A It Y 

A clinical study of six cases of fracture of the prosthetic femoral stern 
in Charnley-Rluller ( Protasul)  prostheses has heen presented. 
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Clinical, radiological and metallurgical factors, which may he 
responsible for thcse failures, have been discussed. A n  experimental 
loading test has been conducted comparing Charnley-Mullcr and 
Charnley prostheses a t  various angles of loading. 

The conclusion has been reached that thc Charnley stainless steel 
prosthesis has better fatigue resisting properties than the Charnley- 
hiuller Co, Cry hlo casting alloy: Protasul, and that the varus position 
of the femoral stem in  relation to the axis of the femoral shaft is of 
importance in reducing the stresses on the lateral side of the stem. 
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