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Abstract 

This paper presents some of the results of a research project entitled "Dynamic Response of the Human 
Leg to Impact Loading. "  A test facility was developed for laboratory experimentation that simulates leg impacts 
during automobile, pedestrian, motorcycle, and bicycle accidents. Analyses and discussions are presented for 
several experiments designed to study the mechanical behavior of the human femur subjected to impact Joading. 

About one-hundred bones have been broken in the specially designed laboratory as part of this research. 
The testing was divided into four categories: ( 1 )  femurs subjected to bending loads, (2) femurs under torsional 
loads, (3) femurs under axial loads, and (4) fresh tissue impact loadings. 

The femur appears stronger when impacted in the anterior-to-posterior (a-p) direction than when 
impacted in the lateral-to-medial (l-m) direction. The fractures produced by the a-p impacts provide interesting 
clinical information. l t  was found that even very small torsional preloads can greatly diminish the femurs 
breaking strength. Axially loading the femur allowed mapping of the stress along the femur to accurately predict 
fracture locations. 

Femur and intact thigh tests are continuing and these results will be supplemented in the future. This 
paper presents the implications of the first designed series of tests. 

lntroduction 

The work reported on in this paper is part of a research project entitled "Dynamic Response of the Human 
Leg to Impact Loading, "  being jointly conducted by the University ofTennessee and the University of Louisville. 
The intent of the research project is to describe and quantify the dynamic response of the human leg to impact 
loadings as encountered when pedestrians or cyclists are struck by automobiles. The approach has been to 
develop a test facility that simulates collisions between automobiles and pedestrians, motorcycles, or bicycles. 
The facility was designed so that it would produce leg injuries comparable to those normally seen in a clinical 
setting. 

Progress made since the introduction of the research in 1986 has been significant and inclucles the design 
and installation of a state-of-the-art impact testing laboratory; the completion of impact tests using human legs, 
animal legs, and simulated leg structures; and development of a basic understanding of the response of the human 
leg to impact loading. Other contributions inclucle appropriate biological and structural material testing, 
development efforts for a computer-based simulation of lower leg response to impact loading, clinical studies 
of accidents involving traumatic leg injury. statistical studies of traumatic injuries, whole body vibration research, 
underwater impact injury studies, head impact tolerance and experimental injury research, various accident 
reconstruction projects, causal mechanism analyses of human injury, and other biomechanical laboratory 
experimentation. 

This paper presents some results for the purposes of understanding fracture behavior of the human femur 
during impact loading. 

Methodology 

The biomechanics test facility discussed in the introduction was used for the experiments. The impact 
machine used for most of the tests will be referred to in this paper as the crash simulator. The three principle 
parts of the crash simulator are the accelerator and cart, the specimen holding device, and the force measurement 
system. 

The simulator is a pneumatically-powered machine used to simulate a car/motorcycle or car/pedestrian 
collision. A cart of significant mass (50 kilograms) is propelled down a rail system where it impacts a test 
specimen (e.g. a human bone, a human leg, an animal bone or an artificial bone). The cart is instrumented with 
a force measurement system enabling the user to obtain dynamic force information during impact. 
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A 4 . 1275-centimeter ( 1  5/8-inch) pipe or a 7.62 x 20.32 x 0.3 1 75 centimeter (3 x 8 x 1 /8 inch) plate mounted 

on the cart serves as the impacting surface. Data from each lest using the crash simulator is obtained via a force 
transducer mounted on the impact cart. The transducer is mounted in such a way that during impacl il " feels" 
the same reaction that the lest specimen does. The pipe or plate is held on by slide pins which allow all of the 
force to be transferred to the force transducer. Tue force transducer is manufactured by PCB Piezoelectronics, 
model number 208A04. Tue sensitivity of the transducer is 1 . 1 6  kilonewtons per voll. 

Tue signal from the force transducer passes through a PCB Power Unit and then to a Hewlett-Packard 3562a 
Dynamic Signal Analyzer where the force versus time history of the event is recorded. 

For this study, four different types of tests using the crash simulator were conducted on the femur. These 
tests involved utilizing four separate support/specimen holding structures: simply-supported (pinned-pinned) hone 
loaded in the anterior-posterior direction; simply-supported hone loaded in the lateral-medial direction; simply
supported hone with a torsional preload; and axially loaded hone. 

Ninety-four bones were obtained for use in this study. Eighty of the bones were embalmed3 femurs with soft 
tissue removed. Tue other fourteen hones were fresh, cryogenically frozen long bones from two recently 
deceased persons. Demographie information was available for some of the hones. The fresh frozen bones were 
thawed in a saline water bath just prior to testing. 

A key objective of this study was to understand the mechanical behavior of the femur during impact, therefore 
a number of different loading conditions were applied to the hones. These different conditions can be described 
by dividing them into four types of tests: 1 )  bending, 2) torsional, 3) axial, and 4) fresh tissue tests. 

In all tests except the low strain rate axial tests and the steady state torsional tests, the crash simulator was 
used. Data was recorded in the form of a force-time plot, an example of which is shown in Figure 1 .  

Tue breaking force, the amount of time from impact initiation to fracture, and the area under the curve were 
obtained from each force-time curve. Tue breaking force was used to calculate, among other things, the ultimate 
stress. The time measurement allows for the calculation of displacement since there is a constant velocity 
through impact. Tue area under the curve is directly related (by the reciprocal of the volume) to the amount 
of energy absorbed during impact and is used strictly for comparison with other tests. 

Prior to testing, certain anatomical measurements were made on the bones. Following testing, cortical 
thickness measurements were taken. 

Protocol, justification and procedure for each test is detailed below. 

Test Series 1: Breaking Strength of Femur 

An automobile impact onto the side of a motorcycle is primarily a lateral-medial type of impact. 
Lateral-medial loadings of bare femurs were accomplished using the crash simulator at a speed of 

approximately seven meters per second. A "simple support, 1-m loading• holding device was developed and 
used for these tests. Twelve femurs were tested. 

Tue breaking force was determined for each hone from the force-time plot. The breaking forces for the 
twelve bones were averaged to determine a bone tolerance level. Kress ( 1989) reported good correlation 
between breaking strength and cortical thickness of long hone impact tests. First and second order curves were 
fit to the femur data. 

Using the breaking force and the anatomical measurements taken for each hone, the ultimate bending stress 
can be approximated using beam theory. 

The formula for calculating bending stress is 

a b(max) = M<max> c/ I 

where ab = bending stress, M = bending moment, c = distance from centroid to edge of beam, and 1 
moment of inertia. 
For a simply-supported beam loaded in the center, the maximum moment is 

M<maxl = PL/ 4 

where P = breaking force and L = distance between supports. 
For the femur calculations, the shaft will be considered a perfect cylinder with an outer radius, r0, and an inner 
radius, r1, with 

' The embalming fluid consisted of lhe following: 20% lsopropyl Alcohol (99%); 20% Propylene Glycol USP; 4% Formaldehyde; 37% 
(Fonnalin); 4� Phenol; 52 % Tap Water; majority o( cadaven embalmtd wi1hin eiirh1een houn of dcalh (rnaintained in cooler until embalmcd). 
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where t is tbe cortical thickness. The cortical thickness is measured at six points at midshaft and averaged. 
Other researchers have supported this method (Viano and Khalil, 1976; and Moore, 1985). This distance from 
a centroid to edge of bone, c, is simply r0, and l is given by 

In addition to bending stress, Young's modulus can be approximated using beam theory. Tue equation for 
maximum deflection of this beam 

Ömax = PL 3 /4 8EI 
can be written as 

E = PL3 / 4 8 Ö I  
where E = Young's  modulus and ö = maximum defection. 
Tue maximum deflection is found by multiplying time of contact until fracture occurs by striker velocity, since 
there is no significant change in the striker velocity through the event. This calculation only gives an 
approximation for Young ' s  modulus because the equation used is only valid for uniform cross-sectional bodies. 

Tue area under the force-time curve is calculated to represent the relative energy absorption. Tue types of 
fractures that occurred were recorded. 

Anterior-posterior loading of the femur is a common occurence. lt is most often associated with airbome 
boclies. Testing the femur in this direction was also of academic interest, because bone is non-homogeneous, 
anisotropic, and has complex, varying geometry. 

Much of the procedure for this type of lest was the same as for lateral-medially loaded femurs except that a 
"simple-support, a-p loading" holding device was used ancl 32 femurs were tested. 

Demographie information was available for these bones, making it possible to study age effects on the fracture 
behavior of the bone. In addition, this testing allowed for a comparison to be made between the behavior of left 
and right femurs of the same person. 

Test Series II: Torsional Strength of Femur 

Six femurs were available for determination of the maximum, slowly-applied torque to procluce failure. 
Gradually increasing torsional forces were applied until the bones fractured. 

Tue maximum torsional stress is calculated as (remember the femur shaft is being considered as a hollow 
circular cylinder) 

t <maxl = T<maxl c/ J 

where 't = shear stress, T = torque, c = distance from centroid to outer edge of bone (r0), and J = polar 
moment of inertia, 

lt is suspected that the legs of motorcycle riders undergo multiple loading configurations when suffering a 

collision. 
To begin to understand the effects of these multiple loads, combined torsion and bending tests were 

performed. A torsional preload was placed on a simply-supported femur. Tue femur was then impacted at high
speed in the lateral-medial direction with the crash simulator. 

To best understand the effect of the torsional preload. matched pairs of femurs were used. The right femur 

was struck in the 1-m direction with no torsional preload. The left femur was struck similarly but with a 
torsional preload. 
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Test Series III: Compressive Strength of Femur 

Although several researchers have investigated the compressive strength of the entire thigh, few. if any. have 
loaded a whole, bare femur in the axial direction at low (steady-state) and high speeds (7 .6 meters per second). 
Eighteen bones were tested under such conditions. 

A matcrials tcsting machine was cmployed to test nine bare, cmbalmed femurs in axial compression to failure. 
Cups simulating the acetabulum and the tibial plateau were designed to fit the machine and allow a distributed 
load on the condyles and head of the fcmur. The only data measured was the breaking forces. Video and 
photographic documentation allowed for the analysis of fractures. 

Using the breaking force and the anatomical measurements, breaking strength can again be approximated using 
beam theory. Due to the geometry of the femur, an axial load is not truly an axial load. A bending element 
is also involved. The stress when bending and axial loads are involved is given by 

Ox = ( ax) centric+ ( ox) bending = P/A ± Mc/ I 

where P = force, A = cross-sectional area, M = bending moment, c = distance from centroid, and I = 

moment of inertia. 
If axially loaded, the centric effect on the femur is completely compressive. However, the bending effect 

will impose compression on the medial side and tension laterally. Therefore the stress in the bone is given by 

o x= P/ A + Mc/ I (medial ) and ax= P/A - Mc/ I ( l a teral ) .  

l t  should be noted that these calculations are approximations. Mc/I does not- hold when E. tension, does 
not equal E, compression. The E's are close enough in the hone (four percent according to Evans, 1951) .  
however, that this does not significantly change the results. Also, it should be noted that the neutral axis is not 
the same as the centroidal axis. 

Stresses were calculated at three cross-sections on the hone: at midshaft, just below the greater trochanter, 
and at the neck of the femur (see Figure 2): The cross-section of minimum moment of inertia was chosen at 
each area. 

The breaking force, P, and cross-sectional areas are taken directly from measurements. The bending 
moment, M,  is equal to Pd (M = Pd) where d = moment arm. A hollow cylinder cross-section is assumed as 

before. 
In order to examine high speed loading of the femur in the axial direction, nine femurs have been impacted 

in the crash simulator. The axial loading, specimen holding device was used. The flat plate impactor was used 
instead of the pipe. 

Measurements and calculations for these tests were the same as for the statically loaded bone. 

Test Series IV: Fresh Ti�ue Testing 

The type of preservation technique used on the tested bones affects the properties of the bones. In an effort 
to begin to examine these effects, 1 4  fresh bones were tested in the crash simulator. These bones were 
cryogenically frozen just after death and were wet-thawed shortly before testing. 

Breaking force and area-under-curve data were obtained for each hone. Anatomical measurements were 
not taken due to the disease risks of the bones utilized. 

Results nnd Disc�ion 

Results from 94 bone-breaking tests are presented. Embalmed, bare femurs have been broken at high 
speeds (approximately seven meters per second) in the lateral-medial, anterior-posterior, and axial directions. 
Bone fracture tests have also been performed for steady-state force application in the axial direction and in 
torsion. Other conditions have included impacting in the lateral-medial direction while the bones are subjected 
to a torsional preload and a series of fresh hone tests. 

Test Series 1: Breaking Strength of Femur 

Twelve femurs havc been impacted in the crash simulator in the lateral-medial direction. Their average 
cortex thickness was 0.00691 mcters and average breaking force was 3053 Newtons (N). Anatomical 
measurements were not available for three of the bones, and force signals were not obtained for three bones. 
Linear regression was used to develop a relationship between breaking force and average cortex thickness, and 
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the correlation coefficienl was 0. 6 1 .  The second order correlation coefficient improves to 0.82. The least 
squares relationship is 

Breaking Force ( N)  = -22 + 5 2 x cor tex 2 (mm) . 

The ultimate bending strength and Y oung 's modul us were calculated by the method describe<l in the methodology 
section. The average breaking force was 3053 Newtons; the average bending strength was 147 Megapascals; 
and the average Young's modulus was 30 Gigapascals. These values compare favorably to values found in 

previous Jiterature. 
The average area under the force-time curve is 2236 N-ms. This value is difficult to interpret. lt is, 

however, related to the amount of energy absorbed during impact and can be compared to other area under 
force-time curve calculations. 

Six of the twelve fractures were comminutions (see Tnble 1). Most of the comminutions produced tension 
wedges, that is the fracture started on the tension side of the bending bone. Oblique and spiral fractures 
occurred. The spiral fractures were probably caused hy the specimen holding device which also served as a 
torsional delivery system. lts configuration alone may have encouraged a spiral fracture. One bone that had 
severe osteoporosis shattered upon impact. 

Effects of impact direction on the properties of the bone were investigated hy tuming the femurs 90 degrees 
and striking them in the anterior-posterior direction. The crash simulator was used to break 32 femurs in this 
manner. Anatomical measurements, support distance, and breaking force data for all of the bones tested were 
recorded. The average cortex thickness was 0.00739 meters and the average breakiilg force was 5697 Newtons. 
The linear regression between breaking force and cortex thickness had a linear correlation coefficient of 0.40. 
The second order correlation was 0.42 only improving the relation slightly. Therefore the linear regression 
polynomial curve fit equations for these tests will not he provided. 

The ultimate bending stress and Young's modulus were calculated. Tue average bending stress was 284 
Megapascals, and the average Young's modulus was 88 Gigapascals. 

Ages of specimens ranged from 53 to 89 years old. Ultimate Bending Stress and Young's Modulus were 
compared and the scatter of data indicated no real age dependence in this range of age. 

The breaking stress of right and Jeft matched pairs of femurs (two femurs belonging to the same individual) 
were compared. The result, surprisingly, is that the left bone is roughly eight percent stronger on average than 
the right bone. However, a closer examination of the data reveals that two sets of bones had the left one much 
stronger than the right (for whatever reason). Discarding these two sets from the averaging results in virtually 
equal strength for right and left bones. 

Area under the force-time curve for each hone was determined. The average value is 2658 N-ms. The 
value for the 1-m loaded femurs was 2254 N-ms. The a-p loaded bone, therefore, does not absorb much more 

energy than the 1-m loaded bone, although the strength is much greater in the a-p direction. 
Seventy-one percenl of the fractures in this a-p tesl were comminuted (see Table 2). lnterestingly, 

however, few produced tension (3) or compression (2) wedges. The vast majority ( 1 7) of the comminuted 
fractures were side wedges. The side wedges were equally dispersed as lateral and medial wedges. Eight 
fractures were oblique, and one was a shatler. 

Test Series II: Torsional Strength of Femur 

Six femurs were loaded in torsion at low strain rates. The average cortex thickness, support distance and 
maximum torque for each bone is presented in Tnble 3. The linear relation, with a correlation coefticient of 
0.90, between maximum torque and cortex thickness is given by 

Maximum Torque ( N-m) = 6 + 1 5 xcor tex (mm) 

Using a polynomial curve fit improves the relation to 0.92. The least squares fit is 

Maximum Torqu e  ( N-m) = 4 9  + 1 .  2 xcor tex 2 (mm) 
Ultimate torsional stress was calculated. Tue average hreaking torque of 108 N-m is slightly lower than 

Yamada's (1971).  lf, however, bone six is removed from the average, the breaking torque comes up to 1 25  N
m. Bone six was highly osteoporotic. 

The torsional strength of 28 MPa is also lower than Yamada 's value of 45 MPa. This is attributed to our 
use of embalmed (and perhaps older) bones rather than fresh, wet bones used by Yamada. 

Five of the six femur fractures were spiral. The osleoporotic bone six shattered. 
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Tue question of combined loads on the femur was investigated by loading six bones in torsion and in 
bending. A torsional preload was placed on the bones, which were then impacte<l in the lateral-medial direction 
by the crash simulator. 

Cortex thickness, support distance, amount of preload and breaking force are shown in Table 4. Notice 
that two different torque levels were used. 

All six bones used in these tests were the matching pairs to the six bones tested in the lateral-medial 
direction without a torsional preload. The average breaking force with no torsional- preload was 2549 Newtons. 
The average with a preload was 2 1 79 Newtons. 

After data manipulation, it was detennine<l that on the average, a 14 percent torsional preloatl decreases 
the breaking force 1 4  percent. lnterestingly, spiral fractures are present in 50 percent of these preloade<l bones. 

Test Series III: Compressive Strength of Femur 

Nine femurs were loaded at low strain rates in the axial direction using a materials testing machine. The 
output from the machine is a force reading. 

From the ultimate load and anatomical measurements, stresses can be calculate<l. Since fractures under 
these loading conditions occur most frequently at three locations (midshaft, sub-trochanter, and neck), stress 
calculations at all three of these cross-sections were made for each bone. 

The six calculated stress values for each bone were recorded on figures as illustrated generally in Figure 
2. There were two calculated values (lateral and medial) for each of the three locations. Stresses on the lateral 
side of the bone are tensile and are compressive on the medial sides. Based on the stresses, pre<lictions were 
made for the fracture location. On eight of the nine femurs the prediction is correct. Bone #881 R was the only 
incorrectly predicted fracture. On this lest the cup holding the head of the femur was impinging its neck leading 
to fracture at that site. In all cases the compressive stress is approximately 1 . 5  times greater than the tensile. 
77 . 8  % of the fractures occured on the neck, 1 1 . 1  % were sub-trochantric, and 1 1 .  l % were simultaneous neck 
and shaft fractures. 

High speed axial impacts of the bare femur were of interest next. Nine bones were struck in this matter; 
six provided good force data. 

Stresses were calculated, mapped, and examined on these bones as previously done. In these cases, all 
predictions for fracture locations were correct. The only minor exception was a concomitant shaft fracture along 
with the predicted neck fracture in bone #862L. Such concomitant fractures are common clinically (Chapman, 
1984). Once again, the compressive stresses are 1 .5  times greater than the tensile. 66. 7 % of the fractures were 
in the neck, 16.7% were sub-trochantric, and 16. 7 %  were in the shaft. 

Test Series IV: Fresh Tissue Testing 

Fourteen cryogenically-frozen, fresh long bones were broken to help understand the effects of embalming 
on the properties of the bone. 

Table S presents the results of these tests. When compared to the embalmed data, breaking force values 
appear to increase 44 percent for fresh femurs and 78 percent for fresh tibias. Energy absorption also increases 
for fresh bones. There is, however, too little data to make definitive conclusions. 

Swnmary of Recorded and Calculated Response Characteristics 

Table 6 presents a summary of the test conditions and recorded data for all of the different tests that have 
been performed to date utilizing the f emur. 

Table 7 contains some calculated response characteristics from data obtained in selected femur tests. 
lf a discrepancy is noticed between certain n values, it should be noted that some of the data, due to their 

specious nature, were excluded from calculations. 

Conclusions 

This paper has presented data on the impact response of the human femur under several loading conditions. 
Tue data presented are important, because of the role they can play in the quantification of the damage to hard 
and soft tissue under loading conditions similar to thosc which occur when an automobile impacts a human leg. 
Tbc data provides insight into protection mcchanism dcsign and input for computcr and physical models. Tue 
results of each test series are discussed below. 
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Test Series 1: Breaking Strength of Femur 

From the data, it is apparent that the femur is stronger and stiffer when impacted in the anterior-posterior 
direction than when impacted in the lateral-medial direction. Bone is non-homogeneous, anisotropic and has 
properties that vary according to location on the bone (Evans, 1951) .  This directional change in properties, 
therefore, should be expected. 

Bone develops in such a way that it is stronger in areas encountering greater stress. Since normal body 
activities (walking, running, etc.) put a moment on the femur similar to three-point loading in the a-p direction, 
this strength increase in the a-p direction can be expected. 

No notable effects of age vs. strength or of age vs. stiffness were evident. While it is acknowledged that 
20-year-old bones on the average would be stronger than 80-year-old bones, no such statement can be made for 
the age span of the specimens in this study (53 to 89 years old). 

Mather ( 1968) showed that the left and right femurs absorbed the same amounts of energy when impacted. 
lt was further shown in this report that left and right matched pairs have essentially equal properties (with only 
a few exceptions). This finding adds validity to many past experiments involving testing of matched pairs of 
bones. Comments about the resultant fractures from bending impact tests may be of interest. The lateral-medial 
impacts produced wedges that occurred on the lateral and medial sides. The anterior-posterior impacts also 
produced wedges occurring on the lateral and medial sides. Kress ( 1989) stated that a vast majority of clinically 
seen femur impacts occur in the 1 -m direction. With these additional findings, however, it is possible that a-p 
impacts may actually be mislabeled clinically as 1 -m impacts. 

Bending impact tests have been conducted on the intact thigh and will be reported on in a different paper. 
Now that the bare femur response is somewhat understood, the role of soft tissue and the rote of the pelvis can 
be explored. 

Test Series II: Torsional Strength of Femur 

Low strain rate torsional tests were performed to develop a relationship between ultimate torque and 
cortical thickness. This relationship permitted the calculation of "percentage of maximum torque" values that 
established torsional preloads. 

The tests clearly showed that even a small torsional preload reduced the breaking strength of the femur 
significantly. lt also showed that a small torsional load (as compared to the impact load) can still result in a 
spiral fracture of the femur. 

Test Series III: Compressive Strength of Femur 

True axial loading in compression should produce only compressive Stresses. However, in these axial 
experiments on the femur, tensile stresses resulting from bending could actually be the fracture initiators. 

From the process of mapping out the stress on the bone, predicting the fracture, and showing the actual 
fracture location, it is obvious that bone geometry is the critical parameter in determining fracture location. In 
1 4  out of 15  tests, the cross-section under the greatest calculated stress was the fracture site. Predictions were 
easy to make and extremely accurate. 

A majority of the fractures (80 percent) occurred at the neck of the femur. This number appears high when 
compared to clinical studies where 50 percent of automobile accident victims (Daffner et al. ,  1988) and 17 
percent of motorcycle victims (Deaner et  al. ,  1975) with broken femurs have neck fractures. But when you 
consider age of the bones studied (the average age was 64.9 years), 80 percent neck fractures is not surprising. 
Osteoporosis attacks the femur in a disproportionale manner. The neck of the femur tends to lose hone at a 
higher rate than the rest of the femur (Hofeldt, 1987). As evidence of this, the three youngest bones tested broke 
at the shaft. 

Fung ( 1984) reported a compressive strength in bone that is approximately 1 .5 times greater than its tensile 
strength. Viewing the figures of mapped out stresses on the femur, it can be seen that the compressive stress 
on the medial side of the femur is always approximately 1 .5  times the tensile stress on the lateral side of the 
femur. 

The impact breaking strength was 39 percent greater than the breaking strength at very slow rates of load 
application. This change is significant and is almost exactly the change predicted by McEJhaney ( 1 966). This 
indicates that high-speed impact tests are necessary for studying automobile-motorcycle collisions. 

The average breaking load for the slowly loaded bone was 5274 Newtons and for the impacted bones was 
6464 Newtons. Present automobile dcsign regulations dictate that a force of 10,000 Newtons may not be 
excceded when a knee impacts a dashboard at 6.6 meters per second (Krishnaswamy, 1991  ). Results from this 
research indicate that this lcvel might be high. Only one femur had a breaking tolerance higher than 10,000 
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Newtons. 
More tests need to be performed in this area. Since a preponderance of neck fractures occur when using 

femurs of the elderly, young bones need to be testc<l. This is not as important in the other tests ( 1 -rn. a-p. 
torsion), since the bone geometry can be factored out using simple stress calculations. In these axial tests, 
however, the neck of old bones fracture before the shaft fracture threshold can be measured. 

Test Serics IV: Frcsh Tissue Testing 

Findings from this research,  based on results from a small sample size, indicate that there is a signi ficant 
change between fresh and embalmed properties. The fresh human femurs were 43 .9 percent strenger th:m the 
embalmed femurs and absorbed 79.8 percent more energy. The difference in breaking strength for the tibias 
was even greater. 

This conclusion must be viewed carefully. Only 1 4  fresh bones were tested. Also, these fresh bones came 
from individuals younger than the average embalmed bone donor. 

More fresh tissue testing needs to be performed, and anatomical measurements need to be taken on the 
fresh tissue tested. This will help determine the exact difference between fresh and embalmed tissue. 

1 <I . 0  

KN 

Figure 1 

Fiqure 2 

Figurcs and Tables 

Sample force-ti.me plot produced by crash 
ai.mulator after impact. 

Oiaqrnm of a.xially londed temur ahowing crosa

aections of stress cnlculntion: S • ahaft, 

T • Trochanter, N • neck. 
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Table l 

Types of Frncturoa Occurring in 
L-K Loaded Femurs 

Fracture Type 

Comminut ion 
Tension Wedge 
Compreaaion Wedqe 

Oblique 
Spiral 
Shatter 

Number 

5 
l 
J 
2 
l 

Table 2 

Types of Fracturee Occurring in 
h-P Loaded Pemuro 

Fracturo Type 

Convninution 
Tension Wedge 
Compreaaion Wedge 
Side Wedge 

Oblique 
Shatter 

Number 

TAble 3 

3 
2 

1 7  
8 
l 

Percentnge 

4 1 .  7 ' 
8 . J  

2 5 . 0  
1 6 .  7 

8 . J  

Percentage 

9 . 6 \  
6 . 5  

5 4 .  8 
2 5 . 8  

3 .  2 

Independent Variables and Torque Data 
on Femura Loaded in Torsion at 

Low Strain· Ratoe 

Cortex Support Maximum 
Dono Thiclcnooo Diatance Torquc 

( matere )  ( matere) ( N ·111 ) 

l . 00 5 6 4  . 3 8 1  96 . 0  
2 . 0 0 7 5 8  . 3 8 1  1 5 4 . 6  
J . 0 0 6 2 8  . 3 1 8  1 1 3 . 8  
4 . 00 8 9 4  . 3 56 1 1 5 . 9 
5 . 0 0 9 5 9  . 3 8 7  1 4 5 . 0 
6 . 00 2 0 1  . 3 30 ..l.L..i 

hVEIU\GE 1 0 8  
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Bone 

RPFTUlL 
RPFTU2L 
RPFTU3L 
RPFTH02L 
RPFTU4L 
RPFTU5L 

To.ble 4 

Independent Varioblea and Torque Data 
for Femura Loaded in L-K Bending 

with Toraionol Preload 

Cortex Support Torsional 
Thickneon Diatancc Preload 

(JDetero ) ( JDetera ) ( H  · ID ) 

. 0 0 6 1 1  . 4 1  2 0 . 2  

. 00 5 8 6  . 3 3  1 0 .  1 

. 00 7 0 2  . 3 3 1 0 . l  

. 00 5 9 8  . 3 3  10 . l  

. 0 0 8 1 0  • 34 2 0 . 2  

. 0 0 7 4  3 . 3 6  2 0 . 2  

To.ble 5 

nesults froJD h-P l.JDpoct of Preoh Long 
Bones o f  Two Individuale 

Breaking 
Force 

( H )  

3 6 5 7  
1 3 5 5  
3 3 3 5  
1 6 8 4  
1 2 3 4  
1 9 0 6  

Cadaver, bone Breaking Force (N)  

1 0 5  
Femur (right) 9 4 9 2  
Femur ( l e f  t )  1 0 0 1 7  

Tibia (right) 6620 
Tibia ( lef t )  5 5 4 2  

Fibula (right) 9 3 0  
Fibula ( l e f t )  7 7 2  

Humerus (right) 5295 
Humerus ( le f t )  4 4 6 9  

9 8  
Femur ( right) 7 2 2 8  
Femur ( le f t )  6065 

Tibia ( right) 4 9 8 9  
Tibia ( le f t )  4 3 1 3  

Fibula (right) 1129 
Fibula ( le f t )  8 9 5  
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Tablc 6 
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Table 7 
some calculated Dynamic Response Charac t e r i s t i c s  

from S e l ec t e d  D a t a  o f  the Human Femur 

A l l  boncs and i n t a c t  soecimens wer e @fTba l rned and ill'Oacte-d wh 1 l e d S1"1),y-suooor t e  un e s s  no tcd t h  0 tr\.ll S C .  

f E f>IUR (Avg. Cortex l h i c k n@SS • 5. 7S """ 

L · M  4 . 1 3  cm 3.05 7 . 6  4 1 . n  comninute-d Bending St rength • 147 MPa 

P i pe  ( t ension wcdge most Young • s  Modulus • 30 GPa 
oreva l e n t )  Energy • 2 2 3 6  N·ms 

A·P 4, 13 cm S.70 7.5 70.9X comninutcd ( s ide Bending S t rength • 284 HPa 

P i pe  wcdge most prevalent) Young. s Modul US • 88 GP• 
Energy • 2,658 N·ms 

Pure S · S  1 25 . 1  N · m  Stat i c  A l l  s p i r a l  fractures lorsional Stress • 26 HPa 

lorslon Torsion 

A x i a l  M a t e r i a l s  S.27 S t e t  l c  88.9X Neck f ractures torrpressive Stress s 125 HP1 

l e s t  ing 1 1 . lX Subtrochan t r i c  lcns i l e Stress • 79 HPa 

Hachine frectures C°""ressive S t rength i .  1 .  s t irncs > t�ns i l e 
strength 

Ax l e l  1 0  cm 6.46 7 . 6  80.0X l nvolvcd H i p  CCW1"ressive Stress • 174 HPo 

P l a tt 40.0X l nvolvtd Shaf t lens i l e  St ress • 121  HPe 
20. 07. 1 nvol vcd Kneo 
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