
STRAINS AND STKESSES 1N THE UPPER FEMlIK 

STUDIED BY THE STRESSCOAT METHOD 

Strain and strcss :inalysis i n  tmnc may 1~ i n a t l r  by thrcc mc~thotls : 
1 studics o f  sections or cxcisctl specinicns of honc, 2 )  stut1ic.s o f  

niotlrls o f  honc, or, 3) studies o f  whole hone,. (Evans  1 9 5 7 ) .  
1 ) Mathematical analysis o f  sections, and s t ra in  and stress analysis 

on cxcised specimens o f  honc, w a s  the first  o f  these methotls to tw 
uscd. Von Meyer (1867) :ind Wolf (1870) ,  among others,  stutlicd tht. 
orientation o f  thc  trahcculac in scctions o f  hone. Koch ( 1920) ,  Grunt.- 
\vald ( 1 9 2 0 )  and other authors  matlc ni;ithcmatical anulyscs o n  
transvcrsc swt ions  ot‘ hone unclcr assuiiictl conditions o f  stress. K:iubcr 
( 1876) ,  Hulscn i I89tj), and Evans ( 1951)  have made s t rcw and strain 
:malyscs using s tandart l izr~l  scctions o f  bone. Forsblntl ( 1959) has  
dctcrmincd the clastic 1)rol)crtic.s in sections of  l )onc* takcn from various 
sitcs on t h r  huiiian fcmur.  

I)uc to thc complicatrd architccturc, o f  bonc ; ind thc hc tc ro~~cncous  
na turc  of this hiologic ni:itc.riul, however, this typc of‘ study t1oc.s not 
providc an :iccuratc. idea of‘ thc  strain distrihution in wholt h n v .  

2 )  For  stress and strain analysis in honc hy nieans o f  modcl studic~s, 
scvcr:il techniques have 1w.n atloptc~l.  Koux ( 1870) uscd paraff’in- 
coatcd ruhbcr modcls. Undcr  :I ccrtain s t ra in ,  the 1)araffin crackcd, tho 
dircction o f  thv cracks indicating thc distribution o f  t h t  strcsscs. A 
1atc.r iiic,thod, usctl, for instaricc, by Hallcrman (1931)  and P a u \ ~ l s  
( 19-18), is thc photoc,lastic tcchniquc coininonly usctl i n  industry.  \\’it11 
this nicthod, a plastic inodel is loadcd and hy  trnnsilluinination with 
polarizcd light, t h t  distribution of thc s t ra ins  can hc rchgistcrctl photo- 
gra p h ic a 1 1 y . 

’rhc tIis:itiv:intugci of  thvsct tc~chniclucs h s v d  on inodcl studics is, 



however, that  they presuppose a solid construction and a homogeneous 
material, requirements which arc not met by hone. 

3 )  In order to reach an  understanding of strain conditions in the 
whole bone, therefore, the only feasible method appears to be to employ 
whole hone as  the test object. In such studies, what may be measured 
is, in addition to the applied stress, the strain, i.e. thc  changc in length 
occurring in the outer surface of the tcst object under a certain stress. 
Calculations may be based 0 1 1  Hook’s law, which says that thc strain 
is proportional to the causative stress. 

A highly accurate method of measuring strain is afforded by the 
strain gauge tcchniquc. With this technique, thc changc in length is 
registered electrically by rncasuring the alteration in the electrical 
resistance of a metal wire resulting from a change in its length. A 
condition for obtaining reliable results with this mcthod is, that the 
strain gauges be applied in the direction of the stresses. The orienta- 
tion of the stresses cannot he determined from the strain gauges. 

By using some kind of strain sensitive lacquer, it is possible to 
determine the surface strain distribution and the direction of the 
slresscs. Kiintscher ( 1934) used coloyhonium, applied in melted form. 
A considerably simpler vcrsion of this method, which has become 
known under the trade name “Stresscoat”, was developed by Forester 
and I.:llis (1940) .  Guardjian and Lissner (1945) mere the first to use 
it in studies of hone. Subsequently, Evans et al. and Frankel have re- 
ported on several studies in which this technique was used. 

The procedure is as follows. The test object is first sprayed with an 
aluminum dye, providing a dull, silvery undercoating, and subsequently 
with a special lacquer. After this has dried for 24 hours, the specimen 
is ready for testing. When the specimen is loaded, the lacquer cracks. 
Both tensile and compressive strains produce this result, although in 
the latter case only when thc load is released. The cracks lie a t  right 
angles to the direction of thc strcsscs. The number of cracks per unit of 
length is proportional to the applied stress. The location of thc initial 
cracks indicates where failure will occur if the load is increased to 
breaking point. By spraying a calibration rod simultaneously with the 
spcciincn, and loading it under standardized conditions, it is possible 
to determine the actual sensitivity of the lacquer, that  is, the specific 
amount of strain required to producc cracks. (Fig. 1 ) .  This sensitivity 
is influenced by temperature and humidity conditions; lacquers of 
different sensitivity are a\7ailahlc to permit adaptation to varying con- 
ditions. The cracks arc visiblc under obliquely directed light. (Fig. 2 ) .  
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Fig .  I .  

(:alit)ratiori rod mounted in  t h e  tes t ing device which produces a constant  strcs\ 
o n  t h e  rod.  T h e  highcr  t h e  lacqucr  sensi t ivi ty ,  tlic f u r t h e r  the cracks extend down 
the  sur face  o f  t h e  rod.  Next t o  it a calibration rod i n  t h e  measuring-st ick.  which  

shows a specific s t r a i n  of 0006 in/ inch,  represent ing the ac tua l  sensi t ivi ty  
of  t h e  lacquer. 

F i g .  2. 
Cal ihrat ion rod w i t h  cracLs visual ized under o b l i q u c l j  directed light. 



In order to emphasize them, a special red dye is available which is 
brushed over the tested surface, where it penetrates into the cracks. 
A disadvantage of this dye treatment is that the lacquer loses its strain 
sensitive properties, which makes it impossible to increase the load and 
record the resulting new cracks. Another method to make the cracks 
more visible is provided by using an  electrostatic powder, “Statiflux”, 
which collects along the cracks. With this method the scnsitivity of the 
lacquer remains intact. A third, and extremely simple method, is to 
mark the cracks, as they appear, with a fine paintbrush dipped in india 
ink. 

If the specific strain under which the lacquer cracks is known, the 
method may also be used for qualitative measurements. It is more 
complicated to use, however, and less reliable than the strain gauge 
method, but as a qualitative complement to the latter i t  is extremely 
useful. 

In studies of bone by thcsc methods, thc bone is regarded a s  a hollow 
structure and the distribution of the strains is measured a t  the surface. 
The actual strcsses acting in the trahecular system inside the bone 
cannot he measured directly, but as they will he projected onto the 
surface a t  the sites of attachment of the trabeculae to the wall of the 
structure, one may also, indirectly, record the changes in the strain 
pattern inside the bone. 

In static loading, in which the femur was oriented vertically and the 
femoral head placed in line with the ccnter of the supporting surface, 
with the load applied to the head in the same line, the first cracks ap- 
peared on the superior aspect of the neck, slightly IateraI to the center. 
(Fig. 3 ) .  This concentration of cracks indicated the site of highest 
tensile strain. With increasing load, further cracks appeared on the 
lateral aspect of the shaft. The highest compressive strain was found 
on the inferior cortex of the neck. Additional cracks arose on the 
superior medial aspect of the femoral shaft when the load was further 
increased. On the aspect of the hone subjected to compressive strain, 
the load required to produce cracks was higher than in the area of 
tensile strain. The cracks were oriented perpendicular to the long axis 
of the loaded area. These results confirmed Evan’s concept of the femur 
behaving like an  eccentrically loaded column subjected to a bending 
action. Tensile strain was produced on the convex aspect of the hone, 
compressive strain on the concave aspect. (Fig. 4 ) .  

In another series of tests, static loads were applied to the head, with 
thc long axis of the neck kept in horizontal position and the supporting 
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Fig .  3 .  
Proximal elid of the femur  mounted verticall j  
and loaded in an Am\ler comprcs\ion machine. 
‘The highe\t strain appears on the superior 
lateral aspect of the shaft  anti on thc superior 
aspect of the neck. 

surfacc a t  t h t  tli\tal vntl ot thc n c ~ k .  (Fig.  5 )  The loads wcrc :i1)1)livd 
in fivc cliffcrcnt position\, .\-E (Fig.  6 ) ,  :ichicved hy rotation :irountl 
thc long axi\ of the neck. In ~)o \ i t ion  A the inferior cortex of thc neck 
\va\ tlircctetl u p a r d \  and   as the site of highest tcn\ilt. \ train,  in I <  
it w a s  the antcrior cortcx, in C thc antcrior-sui)erior cortex, in I )  thv 
i)o\tcrior-sul)crior cortex, and in E the postcrior cortex. The :irca \Lit)- 
jcctcd to the most extensive tcn\ile \ train \\:I\ in each in\tancc trclatcd 
with Strt,ascoat. I n  all te\t\, lacqucr with a sensitivity of  0.0009 inclic\i 
inch was used. Thc  test\ invariahly showed that  thc minimum 1o:itl 

ncBcc\\:iry to  create a trnsilc \ train in the loaded surface 4ufficicnt to 
I)rotlucc cracks,  \ \a\ high(b\t in Iwsition, A .  (Fig.  7 ) .  

‘I’hc. main direction of thc crack\ was always p(~r1)cmdicuI:ir to  thc 
long axis. Thc first cracks appeared on the distal half of the nclck, that  
i\ ,  a t  thc \it(> of highcst strain.  The dinicnqion\ of  the neck, with a 
\rnallcr diunictc~r in the sagittal planc a\ cornparcd to thc frontal p l m c  
and conscqucntly a highcr degree> of rigidity in thcl latter, :I\ wcll :I\ 

the lurgcr tliincnsions of the intcrior cortex cxplnin th(> highcr loading 
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Fig. Q. 
Proximal end o f  the femur under vertical loading, Tensile strain is produced on the 
superior cortex of the neck and the superior lateral aspect of the shaft. Compressive 
strain appears laterally on the inferior cortex of the neck and on the superior medial 
aspect of the shaft. The cracks on the aspect of the hone under tensile strain extend 

further down the shaft than in the area o f  compressive strain. 

values obtained in position A. The tests were made on fresh autopsy 
bone, stored in a deep-frcezcr. 

Position 

A 
R 
c 
n 
E 

Average load under which 
the first cracks appeared 

62.5 kg 
34 ~ 

35 - 

46 - -  

29 - 

In order to estimate the influcncc of this method of storage on the 
results, th t  same tests were repeated on two femurs stored at room 
temperature for 6 months. Similar strain patterns were obtained in 
these tests, but it proved necessary to increase the load required to 
produce cracks by 30 per cent, on an average, showing that the elasti- 
city of the bone had decreased. 

S 11 hl bI A R I.’ 

Thc Strcsscoat technique may be profitably employed in studies of 
hone. The method is elahorate and required training. For quantitative 
determinations, the method is not as reliahlc as the strain gauge 



Fig .  5. 
Proximal end of  the  femur  with the load applied t o  the  inferior cortex o f  the head 

and wi th  t h r  neck i n  a horizontal  position. 

Fig .  6. 
Diagram of the  load directions u s e d  in the  test  deserihed i n  the text, in which the 

head wa\ loadcd with the  long ax i \  of the  neck o r i c ~ n t e d  horizon tall^. 
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1) E 
Fig .  7. 

The pictures show the patterns of strain produced hy loading the femur in  positions 
A-E, a\  described in the text. Note that  the first  cracks appear on the lateral  aspect 

of the neck, a t  right angles to the long axis of the neck. 



technique. I n  \ trcss and strain analy\i \  o f  a s t ructure  :I\ coml)lcx a s  
hone, it is, on thc, other hand,  a nccc’swry complcinent to the strain 
gauge tr~chniquc~, as it intlicatc\ the direction o f  the \ trc\\c\  on the 
surface of thc  bone and thc \ite of maximum strain.  

P re l i in i 11 a ry stud ie\ we rc I i i  ad c o t i  t h c3 f cin u r. Fo rc c\ f ro  tn d i f fcr c 11 t 
direction4 mew apl)lied to thc fcmoral head and thc  di\trihution of thc  
\ tress in the t cmoral neck \va\ rccordcd. Thc  concentration of thv 
crack4 in the lacqucr int-licatcd the site o f  grc,atcst s t ra in .  l‘hc numlwr 
o f  crack\ incrvascd with incrc:i\ing force. The cracks were oric>ntatctl 
largely pcrpcndicular to the longitudinal axi\ of the femoral neck. ’I’hc 
sitc and nunihcr of cracks \arictl with the magnitude and direction of 
the force. l‘hc snialle\t forcc ncceswry to producc cracks wa\ large41 
when thc  grcatcr trochantcr was supported in external rotation whilc 
thc inferior part  of  the head was loadcd. 

ii E s IT hr E 

La tcchniqucb tlc la couvcrturc dc tension  cut 6trc 1)rofitablcrncnt 
utilisbc pour I’6tudt (It\ o\. IA m6thode doit Gtre appliqu6c a v r ~  soin 
c t d cni a 11 tl c ( 1  c 1 ’cn t rni n c i n  cn 1. Pour 1 e\ d 6 t e r i n  i n a t i on s qu :i n t it a t  i \ c\, 
c c t t c  iii6tliodc~ n’c\t ])a\ au\s i  \tire que la tcchniquc tlc la jaugc dc  
I’cffort. I)an\ I’iinalyw dc la tcn\ion ct d c  I’cffort d’unc structurci au\ \ i  
coniplcxc quc ccllc de l’os, il faut  d’un aut rc  cBt6 un  compl6mcnt h la 
technique tlc la jaugc tlc I’cffort indiquant la direction d e s  tcn\ions s u r  
la 5urfacc dc 1’0s ct I P  sikgc. dc I’cffort niaxiniuni. 

Des etudes preliininaircs on t  kt6 faitcs s u r  lc> femur  Des force\ \ c n a n t  
de direction\ diff6rcntc.s ont  616 appliquPcs B la t&tc fi.iiioral\ ct  la 
distri t~ution dc la tcn\ion s u r  Ic col fCmoral a 6t6 enrcgistrkc. La con- 
centration tfcs crayuemcnt\  dc la laque intlique le si8gc d u  plu\ grand 
cffort. I3c nombrc dc,s craqucmcnts augmentc :I\ CT I’uccroissrmeiit tic l a  
forcc. 1x4 croquetnetits ont  6tP orient& d’unc inaniert  largcincnt p r -  
~)cntlicul:iirc B I’axc longitudinal du col f h o r a l .  1,e siirge e t  Ic notnbrc 
dcs c r a q u c ~ n c n t s  varicnt :IVCC I’iniportancc c t  la dircction dc la forcc. 
1,a plu\ pctitc forcc. n6cc\sairc pour produirc uii craqucmcnt ;I 6ti. 
o h w r \  6c lor\quc Ic grand trochantcr etait  \upport6 cn rotation chxtcrnc, 
alors quc In p:rrtic. infGriciirc1 t l r  la t6tc Ptait en chargc. 

Z 1 J  S A hl A1 E N F A S 5 11 N ( i  

Die “Strcsacoat” Tcchnik k m n  m i l  Yortcil zur  Untcrsuchung von 
Knochcn angcwc~ntlct wcrdcw. 1)ic Mrthodc is1 Itonipliziert und  crfortlcrt 
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Uhung. Fiir quantitative Bestirnmungen ist die Mcthode nicht so ver- 
liisslich wie die “Straingaugc” Teehnik. In der Analyse von Belastung 
und Spannung einer so zusammengesetztcn Struktur wie dcr dcs 
Knochens ist sic anderscits einc notwendige Erganzung der “Strain- 
gauge” Technik, da sic die Richtung der Beanspruchung an der Oher- 
flachc tles Knochcns und den Sitz dcr grossten Belastung anzeigt. 

Vorhandsuntersuchungen wurden am Femur vorgenornmen. Kraftc 
wurdcn in verschicdcnen Richtungen am Schenltelkopf angcsetzt und 
die Vcxrtcilung dcr Beanspruchung auf den Schenkclhals xvurde ver- 
zeichnet. Die Konzentration der Sprunge im Lack zeigte den Sitz 
der griissten Beanspruchung an. Die Zahl der Spriingc nahm niit der 
Vcrgriisserung cler Kraft zu. Die Spriinge waren grosstenteils senkrecht 
zur Liingcnachsc dcs Schenkclhalses gerichtet. Der Sitz und die Zahl 
dcr Spriingc wechseltc mit der Gr e untl dcr Richtung dcr Kraft. Die 
klcinste Kraft, die notwendig war urn Spriingc> hervorzurufen, war am 
griissten ( am wirksamstcn?) wenn dcr grosse Trochanter in Aussen- 
rotation unterstiitzt wurdc wiihrcnd der untere Teil des Kopfes helastet 
wu r d e. 
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