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Abstract - Mechanisms of femoral fracture of the condyles and shaft were experimentally investigated 
through controlled knee impact ofdenuded femurs in six human cadavers. High-speed movies recorded knee 
joint compression, femoral displacements and deformation, and fracture initiation. Fracture initiated at 10.6 
+ 2.7 kN knee load after 1.3 + 0.1 cm ofknec joint compression for a 10.1 kg rigid impact at 13.2 f 1.4 m/s. 
Interestingly, fracture occurred 0.5 ms- 1.5 ms after the peak in applied knee load of 18.3 f 6.9 kN, probably 
because a significant portion of the load is developed by inertial accelerations displacing the femur and 
coupled masses. Axial strain measurements at the femoral midshaft showed increasing anteroposterior 
bending and compressional deformations until the initiation of observed fracture. The kinematics of the 
observed fracture and the midshaft deformational strains indicate that fracture is predominantly due to 
tensile strain from anteroposterior bending of the femoral shaft or patellar wedging of the condyles. 

INTRODUC’IXON 

Response and trauma associated with axial knee 
impact has been the subject of numerous experimental 
investigations (Cooke and Nagel, 1969 ; Horsch and 
Patrick, 1976 ; Kramer et al., 1973 ; Kroell et al., 1976a ; 
Kulowski, 1964; Lister and Wall, 1970; Melvin and 
Stalnaker, 1975 and 1976; Patrick et al., 1965; and 
Powell et oi., 1974 and 1975) and analytical studies 
(Advanietal., 1975; Kingetal., 1973; Koch, 1917;and 

Viano and Khalil, 1976b and 1976c). Most of this 
research has been aimed at improving occupant 
protection in automobile accidents. However, the 
experimental work with human cadavers has provided 
only limited information on mechanisms of trauma 
initiation, since the major effort has been directed at 
the need for a force tolerance level for femoral injury. A 
peak force injury criterion was needed because anthro- 
pomorphic test dummies, used in automotive crash 
testing, measure axial femur force and a criterion 
compatible with current test dummies would be used 
to assess automotive crash protection. Thus, emphasis 
was naturally directed toward force. However, there 
has been a continuing need to fundamentally address 
the underlying mechanisms of femoral fracture and 
confounding factors. 

Early studies (Patrick et al., 1965) with fully articu- 
lated embalmed cadavers indicated that a femur force 
injury threshold of 6.2 kN (1400 lb) was a ‘reasonably 
conservative’ tolerance level for human protection. 
Additional investigation of this experimental data led 
to a revised tolerance level of 8.7 kN (1950 lb), which 

* Received 6 September 1978: in revised form 16 October 
1979. 

was ‘lnot unreasonable” for the evaluation of occupant 
protection. However, other studies (Milvin and Stai- 
naker, 1975 and 1976; and Powell et al., 1974 and 
1975) with embalmed and unembalmed cadaver speci- 
mens demonstrated that substantially higher knee 
impact loads did not produce femoral fracture. 

A wide variation in peak applied force was observed 
in these studies with and without the occurrence of 
femur fracture (See review by Viano, 1977a). In many 
cases the experimental protocol provided a dominant 
influence on the range of experimental outcomes. The 
most recent axial knee impact tests (Melvin and 
Stalnaker, 1975 and 1976; and Powell PC al., 1974 and 
1975) have been conducted with a relatively light- 
weight striker mass (10.1-15.6 kg) and high impact 
velocity (6.3-23.2 m/s). Conceptually, this impact in- 
volves different inertial loading conditions than might 
be expected in an automobile accident. In the field 
accident, the occupant accelerates forward and strikes 
the automotive interior; whereas, in the component 
tests an impactor mass accelerates against a stationary 
specimen. The different impact characteristics produce 
a rather short duration contact exposure (5-40 ms) in 
laboratory experiments, as opposed to longer duration 
loads (50-150 ms) in field accident simulations. 

Structural analysis of the femur by finite element 
techniques (Viano and Khalil, 1976b and 1976c) has 
shown that the femur responds as a ‘column-like’ 
structure under compressive knee loads. Because the 
natural frequency of the lowest bending mode of the 
femur falls between 100 and 200 Hz (Melvin and 
Stalnaker, 1975 and 1976) the dynamic load level at 
fracture was shown to depend on the primary duration 
of the impact. Both model and available experimental 
data substantiated this time-dependent peak fracture 
load phenomenon for impact durations below 20 ms 
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(Viano and Khalil. 1976c and Viano, 1977a). In fact, a 
near doubling of the allowable femur load occurs as 
the duration of the primary impact pulse decreases 
from 20 ms (quasistatic response) to 10 ms (structural 
response). 

Unfortunately, even this discovery was not sufficient 
to explain the large variation in peak force observed in 
both fracture and non-fracture producing cadaver 
impact experiments. It was clear that several con- 
founding influences were probably contributing to the 
variation in response. The human cadavers were 
generally aged, typically in poor health prior to their 
demise, and frequently in an advanced state of osteo- 
porosis. Osteoporosis has been shown to significantly 
degrade the skeletal strength of long bones in axial 
knee impact (Melvin and Stalnaker, 1976). Since age 
and pathology may reduce the skeletal strength by a 
factor of three, some degree of explanation is available 
for the large variation in peak force associated with 
experimental femur fracture. However, several re- 
searchers have recognized that peak force alone is not 
a su!Ticient measure of potential fracture (Cooke and 
Nagel, 1969 ; McElhaney and Byars, 1966 ; Melvin and 
Stalnaker, 1976; and Viano 1977a). So that para- 
meters, such as available energy or inomentum, have 
been proposed as additional factors influencing 
tolerance. 

Recent investigations have shown that human in- 
jury is generally not highly correlated with measures of 
applied force (Goldsmith, 1972; Kroell, 1976b; and 
Viano, 1978b) because dynamic applied force pro- 
duces two biomechanical reactions : (1) direct inertial 
acceleration of body regions - thus causing whole 
segment displacements, and (2) direct compression and 
shear of body regions - thus causing localized &for- 
mations. Unfortunately, both reactions occur simul- 
taneously and constitute differing portions of the total 
applied load. In most cases, the induced deformation 
causes the injury, while the early force peak is pre- 
dominantly an inertial reaction - not causally as- 
sociated with injury production. Based on this obser- 
vation, an experimental investigation was initiated 
into the underlying biomechanics and parametric 
dependencies associated with knee impact induced 
femoral fracture. 

Since the experiments conducted by Melvin and 
Stalnaker (1975 and 1976) at the University of Mi- 
chigan resulted in the most comprehensive cadaver 
knee impact data available at this time, additional 
cadaver tests were recently conducted (Stalnaker et al., 
1977) at the University of Michigan using the same 
impact protocol. However, a more extensive experim- 
ental methodology was employed to study additional 
biomechanical responses. In these tests, the softfissue 
was removed from the specimen’s femur SO that the 
kinematics (Viano, 1977b) of structural deformations 
and displacements of the skeleton could be followed 
during the impact. This was accomplished by high- 
speed photography of the denuded femoral response. 
Three strain gages (Melvin et al., 1975 and Powell et 

al., 1975) were attached at the femoral midsection for 
subsequent analysi! of the midshaft bending and 
compression. Pelvic acceleration was also monitored. 
All of this effort was directed at collecting a more 
complete description of the biomechanical responses 
associated with axial knee impact induced fracture, 

Excluded from this investigation was analysis of 
potential knee joint injury through either ligamentous 
tears/avulsions (Drucker and Wynne, 1975; Kennedy 
and Fowler, 1971; Kennedy et al., 1974; Noyes et al., 
1974, 1976, and 1977; O’Donnel et al., 1977; and 
Trickey, 1968), subchrondral bone injury (Radin et al., 
1971 and 1973) or articular cartilage damage (Repo 
and Finlay, 1977). This is not to preclude the potential 
significance of soft tissue injury in the field situation, 
but rather to concentrate this limited study on the 
skeletal performance and mechanisms of femoral 
fracture. Certainly, some soft tissue effects were obser- 
ved in this study. Other features of knee joint perfor- 
mance during lower extremity impact are covered in 
more detail in a companion effort (Viano et al., 1978a). 

METHODOLOGY 

Cadavers were obtained through a willed-body 
program administered by the Department of Ana- 
tomy, School of Medicine at the University of Mi- 
chigan. The specimens were tested at the Highway 
Safety Research Institute of the University of Mi- 
chigan under a General Motors Research Labora- 
tories’ contract. In these experiments, the flesh on the 
right and leh femur was carefully removed from the 
bone from the proximal epiphysis to the femoral 
condyles of the knee joint (refer to Fig. la-c). Caution 
was exercised so that all ligaments of the knee joint 
were left intact. Only muscle was removed from the 
femoral and anterior patellar surfaces. This precluded 
the complete exposure of the posterior and some of the 
lateral aspects of the femoral condyles so that the 
structural integrity of the knee joint, especially the 
collateral ligamentous attachment, was not destroyed. 

The femoral midshaft was selected for strain gaging. 
The region was thoroughly cleaned of soft tissue and 
sanded smooth with 320 grit wet abrasive paper, while 
flushing with 99% ethyl alcohol. Three uniaxial Micro- 
Measurement type EA-13-250BG-120 strain gages 
were applied along the axis of the femur at three 
circumferential midshaft locations (refer to footnote, 
Table 2). Gages and cable relief tabs were bonded to the 
bone with Micro-Measurement’s M-Bond 100 
(methyl-2-cyanoacrylate) adhesive. Cables were then 
secured to the proximal femur shaft by nylon ties for 
additional gage relief. The denuded femur was then 
marked with 2 mm dia. ink dot targets so that 
subsequent high-speed movie analysis could be perfor- 
med to define gross skeletal motion, knee-joint com- 
pression, and structural deformational response of the 
femur during impact. The entire bone surface was then 
covered with a thin coating of petroleum jelly to reduce 
the potential loss of moisture. 
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Each strain gage was connected to a Honeywell 
Accudata 120 through an Accudata 105 for signal 
conditioning. A triaxial acceleration package was fixed 
to a pelvic mount, which was rigidly attached to the 
posterior-superior iliac spines of the specimen. These 
orthogonal accelerometers (Endevco Model 
2264/2000), which measured midsaggital pelvic accele- 
ration, were also connected to the Honeywell AC- 
cudata 120 and 105. The orientation of the accelero- 
meter package in the laboratory and specimen COOK- 

dinate system was measured and recorded. The impac- 
tor force and acceleration, camera synchronization 
flash signal, femur strains, and pelvic accelerations 
were recorded on a Honeywell 7600 FM tape recorder. 

Prior to impact, the cadaver was placed on a 
balanced wooden block. The legs were supported on 
the inferior-posterior surface of the femur by a half- 
inch diameter steel rod loosely supported at the ends. 
The cadaver was positioned so the femur shaft was 
aligned along the axis of the impact. The lower leg was 
then pulled back (Melvin and Stalnaker, 1975 and 
1976) so that the patella was in line with the impactor 
axis. The cadaver’s upper torso was also tipped back 
allowing an overhead camera view of the anterior 
aspect of the knee-joint and femur. 

Two high-speed cameras photographed the impact 
phenomena : a Hycam (3000 fps) for the lateral aspects 
of the response and a Photosonics (1000 fps) for the 
anterior. A timing generator provided exposure marks 
on the edge of the film at a constant interval to verify 
the actual film framing rate. In all tests the framing rate 
was constant ( f 5%) as specified during the impact. 
Knee contact was sensed by closure of a normally open 
circuit composed of parallel aluminum foil strips 
attached to the cadaver’s knee. A transverse strip on 
the face of the impactor completed the circuit on knee 
contact. Closure of the circuit also produced a rapid 
flash in the field of camera view and a simultaneous 
voltage spike on a tape recorded channel. This pro- 
cedure ensured synchronization of the tape digitized 
data (at 0.10 ms intervals) to lateral view film analyzed 
data (at 0.33 ms intervals). Thus, time zero between the 
two measurement procedures was accurate to within 
+0.17 ms, a single frame of film. Digitization of 
femoral kinematics from the high-speed films provided 
a resolution of 4 points/mm of actual motion. How- 
ever, the physical size of targets on the impactor and 
femur produced a practical resolution of displacement 
to within + 1 mm. 

Using the synchronized optical flash and taped 
voltage spike at impactor-knee contact, photo- 
analyzed displacements and deformation of the femur 
were coherently compared with tape recorded force, 
strain, and acceleration histories. In particular, the 
iemporal history after knee contact of the axial motion 
of the impactor and the planar motion ofa point on the 
femoral midsection were recorded from the high-speed 
*ilovie films. These measurements were used to com- 
pute the compressive deformation of the knee-joint, 
I.‘:, the tissue between the impactor and femoral 

condyles. The deformational responses were com- 
pared with the applied force. The first sign of fracture 
on the surface of the exposed femur was also noted, as 
well as the apparent mechanism of the induced trauma. 

Impact was administered with a pneumatic testing 
machine specifically constructed for high-speed im- 
pact studies (Melvin and Stalnaker, 1975 and 1976). 
The impactor consisted of an air reservoir and a 
ground/honed cylinder with two carefully fitted pis- 
tons. The transfer piston, which was propelled by 
compressed air, delivered its momentum to the impact 
piston. A striker surface and load cell were attached to 
the impact piston. This piston was allowed to travel up 
to twenty-five centimeters and then its motion was 
arrested by an inversion tube, which absorbed the 
remaining kinetic energy. The desired impactor stroke 
was controlled by the initial positioning of the impact 
piston with respect to theinversion tube. Thejmpactor 
velocity was controlled by reservoir pressure and the 
ratio of the mass of the transfer and impact piston. The 
load cell was a Kistler 904A piezoelectric load washer 
with a Kistler 805A piezoelectric accelerometer moun- 
ted internally for inertial compensation, i.e., adjusting 
the load cell force measurement for the effect of the 
striker acceleration of the mass between the load 
measuring cell and the impact surface. The impact- 
piston and load-cell striker assembly weighed 10.1 kg 
.(22.2 lb). The rigid flat striker surface was 15.2 cm 
(6 in.) in diameter. The striker was either uncovered or 
interfaced with energy absorbing material : (1) lightly 
padded (LP) with 2.5 cm Ensolite or (2) thickly padded 
(TP) with 2.5 cm Ensolite plus 5.0 cm Hexcell. 

Six human cadavers were utilized in this test series 
which included thirteen axial knee impacts (Table 1). 
The specimens were typically aged and generally 
exhibited some degree of geronological pathology. 
Several specimens were sufficiently osteoporotic that a 
classification of ‘abnormal’ was attached to their test 
identification. Subsequent to the cadaver test, a careful 
dissection of the hip and knee joint was performed to 
identify the injuries (refer specifically to Stalnaker et 
al., 1977). When gross trauma was observed, it was 
classified according to the American Association for 
Automotive Medicine’s Abbreviated Injury Scale, AIS. 
The femurs were also characterized by a set of 
osteometric measurements made at autopsy. The 
diameter in the anterior-posterior and in the lateral- 
medial directions, as well as the circumference was 
recorded at the femoral midsection. Other measure- 
ments included femoral and tissue weights plus whole- 
body anthropometry and specimen characteristics. 

The femur was then sectioned at the site of strain 
gaging and a photograph was made of the cross- 
sectional geometry and gage locations for analyses of 
geometric properties at the gaged section. This enabled 
computation of the bending and compressive strain 
response at the midfemur. The computation was 
accomplished by determination of the principal cen- 
troidal axes system of the midshaft cross section 
(Viano et al., 1976a) and a simple matrix operation 



T
ab

le
 1

. 
C

ad
av

er
 a

nd
 l

ow
er

 e
xt

re
m

it
y 

ch
ar

ac
te

ri
st

ic
s 

E
xp

er
im

eo
la

l 
co

nd
iti

on
* 

Sp
d

m
e

o
 

ch
ar

ac
te

ri
st

ic
s 

Fa
n&

X
 

E
xc

kd
 

Fe
m

ur
 o

nt
eo

m
et

ry
 a

t 
m

id
ah

ha
lt 

A
p 

W
ei

gh
t 

H
ei

gh
t 

W
ei

gh
t 

L
en

gt
h 

T
iiu

e 
w

ei
gh

1 
L

at
. d

hm
. 

A
P 

di
rm

 
cw

. 
se

x 
(Y

O
 

(k
g)

 
lm

) 
C

au
r 

of
dc

at
h 

(k
g)

 
(c

m
) 

(k
g1

 
km

) 
(m

l 
km

) 

1 R
 20

69
O

A
/R

 
?R

20
69

O
A

/L
 

3R
20

69
3N

/L
 

4R
20

69
3N

/R
 

SL
P2

06
98

N
P 

6L
P2

06
98

N
/L

 
7R

20
70

9N
/L

 
8R

20
70

9N
/R

 
9T

P2
07

03
N

/R
 

IO
T

P2
07

03
N

/L
 

1 I
T

P2
07

03
N

/R
 

12
T

F2
07

liA
/R

 
13

T
P2

07
llA

/L
 

F.
 

54
 

99
.6

 
l.m

 

F 
51

 
75

.6
 

1.
53

 

M
 

74
 

89
.7

 
lfl

6 

ht
 

73
 

69
.9

 
I .

12
 

M
 

61
 

53
2 

I .8
3 

M
 

65
 

61
.8

 
I.

59
 

63
.0

 
75

.0
 

I .
61

 
lf

9.
5)

 
lf

17
.3

) 
L

f0
.1

0)
 

IIR
P

S
I Ca

nc
er

 

C
ar

di
ac

 A
rr

hy
th

m
ia

 

M
yo

ca
rd

ia
l 

ln
fa

fc
tio

n 

Pu
l-

ry
 

A
rt

er
y 

ob
st

ru
ct

ia
a 

R
es

pi
ra

to
ry

 
Fa

ilu
re

 

M
ym

rd
ia

l 
ln

fu
ct

io
n 

0.
76

 
42

.3
 

5.
43

 
3.

4 
0.

73
 

42
.2

 
6.

10
 

3.
3 

0.
57

 
42

.0
 

3.
70

 
2.

4 
0.

58
 

41
.9

 
3%

 
2.

3 
0.

70
 

44
.0

 
3.

59
 

2.
8 

0.
68

 
43

.9
 

3.
59

 
2.

7 
0.

97
 

49
.6

 
3.

92
 

3.
1 

O
.%

 
49

2 
4.

00
 

3.
1 

I.
14

 
51

.4
 

2.
29

 
3.

2 
I.

18
 

51
.2

 
2.

33
 

3.
4 

0.
59

 
44

.0
 

3.
92

 
2.

6 
0.

58
 

43
.6

 
3.

69
 

2.
6 

0.
79

 
45

4 
3.

87
 

2.
9 

kO
.2

21
 

If 
3.

8)
 

If
 

1.
07

) 
(f

0.
4)

 

2.
8 

9.
4 

3.
0 

10
.2

 
2.

6 
7.

9 
2.

8 
8.

3 
2.

6 
9.

2 
2.

8 
9.

1 
3.

2 
10

.3
 

3.
2 

10
.3

 
3.

7 
I I

.5
 

3.
9 

12
.9

 

2.
5 

8.
8 

2.
6 

8.
5 

3.
0 

9.
7 

(f
0.

4)
 

t*
 

1.
4)

 

Im
pa

ct
ed

 l
eg

: 
R

ig
ht

 o
r 

L
ef

t 
B

on
e 

co
nd

it
io

n 
: r

ea
so

na
bl

y 
no

rm
al

 o
r 

ab
no

rm
al

 
Sp

ec
im

en
 I

C
I n

um
bo

r 
lm

pa
ct

or
 i

nt
er

fa
ce

 : 
ri

gi
d 

; l
ig

ht
ly

 o
r 

th
ic

kl
y 

pa
dd

ed
 

T
es

t 
nu

m
be

r 

- 
- 

I 
_

 
- 

 ̂
-_

 
- 

I 
- 

. . 
- 

- 
- 

.-
 

_ 
- 

. .
 

. .
 

_ 
._

 
. 

. .
 

- 
_ 

_ 
. 

_.
 _

 
., 

_ 
_.

 
_.

 I
 

_ 
._

 _
~

 .
 

_ 
--

 
.-

.-
- 



Mechanisms of femoral fracture 709 

(refer to footnote, Table 2) on the measured strains 
(Q, eZ,Q based on strain gage location. The axial 
compression-elongation (E”), anterior-posterior ben- 
ding (E”,,) and lateral-medial bending (E‘) responses 
about the principle centroidal axes provide the major 
components of axial strain. The computed strains are 
considered more useful for comparison of injury 
occurrences and biomechanical responses. In this 
fashion, the strain at a particular x, y location at the 
gaged section is composed of the sum of three 
independent strain responses [Qt) = c”(t) + ye,&) 
+ x&,(l)]. In addition, fundamental mechanics of 
induced compression and bending due to a primarily 
axial load could be studied in regard to the various 
modes of femoral fracture. 

AXIAL KNEE IMPACTS 

The sequence of events (Figs. la-c) encompassing 
an axial knee impact involve three main features : knee 

joint compression, femoral bending and compres- 
sion, and femoral displacement with load transfer to 
the hip joint. Each of these facets of response occur at 
different times in the impact and vary in relative 
significance. Each may result in a particular mode of 
injury : knee joint compression may cause patellar or 
condylar fracture (Fig. lc), femoral bending may lead 
to midshaft fracture (Fig. la and b), and femoral load 
transfer may result in femoral neck fracture (not in the 
field of camera view in this study). Typical kinematics 
for an axial knee impact with either rigid or lightly 
padded interface were studied by analysis of high- 
speed movies to assess knee joint compression during 
impact. Early in the event the rigid impactor compres- 
ses the soft tissue of the knee joint (Fig. 2a). This is 
followed by a rearward femoral displacement until 
fracture. In this test the pateila, lateral femoral condyle 
and femoral midshaft were fractured. In the rigid 
impact tests there was regularly 1.3 cm (Table 2) of 

a) 
RIGID INTERFACE 

b) 1lGHTtY PADDED INTERFACE 

z 1.4 
Impactor 
vslocity 

I 

2 3 4 
Time (ms) 

0.6 - 

Femur Motion 

0 1 2 3 4 5 6 7 6 
Time (ms) 

Fig. 2. Analysis ofhigh-speed movies demonstrates the kinematics ofimpactor motion, femoral displacement 
and knee-joint compression for (a) rigid (2R20690 A/L) and (b) lightly padded (SLP20698 N/R) impact. 
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total knee joint compression prior to observed femoral 
fracture. The padded impacts also produced knee joint 
compression (Fig. 2b) which was shared by the defor- 
mation of the interface. For the lightly padded impacts 
the maximum compression of 4.20 cm involves at least 
1.66cm of knee-joint compression because of the 
maximum available interface thickness of 2.54 cm. 
Other impacts with thickly padded (crushable) ma- 
terial were conducted but the exact extent of joint 
compression could not be decoupled from the interface 
response. 

As the tissue compresses, the apparent stiffness of 
the knee joint increases and the femur starts to 
undergo predominantly axial acceleration and mo- 
tion. Because of the complex three-dimensional geo- 
metry of the femur and its attachment in the hip joint, 
the distal end of the femur also tended to rise and move 
laterally under axial impact. The component of 
axial displacement of the proximal femur shaft was 
slightly less than 1 cm at fracture for the rigid impacts. 
Since fracture occurs after only 2 ms of knee contact 
and nearly 1 cm of femoral displacement, approx- 
imately 5 kN of inertial force would be. required to 
square wave accelerate an effective 1 kg femoral-hip 
joint mass through that distance. Thus, nearly half of 
the applied force at fracture would be involved in 
displacing the femur-hip joint mass. This level of axial 
motion was similar in the lightly padded impacts but 
increased significantly when a large thickness of 
padded interface was available. For those impacts 
where fracture did not occur, responses were tabulated 
(Table 2) at the moment of maximum knee-interface 
compression. 

In all cases the impactor continuously transfers 
energy to the ‘knee-thigh-hip’ complex. For these 
impacts the slowing of the impactor velocity from 
contact to fracture initiation was used to compute 
energy transfer at the time of fracture. The average 
transfer of energy to the specimen (and interface) 
increases with the addition of padding. Rigid impact 
injuries occurred when 45 per cent of the initial 
available energy of the impactor was transferred to the 
specimen (i.e., approximately 396 J of the 880 J avail- 
able kinetic energy). This energy fraction increased to 
57 per cent for lightly padded impacts (i.e., 540 J of 
948 J available kinetic energy) and to 70 per cent for 
thickly padded impacts (i.e., 597 J of 853 J available 
kinetic energy). Naturally the transfer of kinetic energy 
is through many different mechanisms : energy absor- 
bed or stored in the compression of the knee-joint, 
energy stored by bending and compression of the 
itimur, energy transferred to accelerating body seg- 
ments, and energy absorbed by padded interfaces. The 
energy stored as viscoelastic strain in the tissue and 
bone is, however, very important since various in- 
vcstigators (Cooke and Nagel, 1969; McEIhaney and 
Byars, 1966; and Yamada and Evans, 1970) have 
reported limits to the amount of tolerable strain energy 
in biological tissues. 

The time history of the knee joint compression (Fig. 

3a and b) indicates a smooth pattern of deformation up 
to the structural limit of the femur. Bone failure is 
closely clustered around a knee joint compression 
state of 1.3 cm for rigid impacts and is more loosely 
related to the time after contact. The response picture 
is much more erratic when the history of the applied 
force is studied (Fig. 3c and d). On the average, the 
applied load at fracture was 10.6 kN (i.e., 58 per cent of 
the average peak applied load - Table 2) for the rigid 
impacts. The peak force occurred from 0.5 ms to 1.5 ms 
before the initiation of observed femoral fracture. A 
light and thick padding interface did not significantly 
affect the temporal difference between peak force and 
injury initiation. Since the early levels of applied force 
are partially associated with inertial accelerations 
.which displace coupled masses, it is possible that the 
peak applied load exceeds the load level at observed 
fracture. In these tests the peak applied force at 
fracture did not correlate with the temporal initiation 
of observed condylar and midshaft fracture or the 
induced structural deformation of the femur (See Fig. 
4a). The occurrence of peak force did seem to coincide 
with the plateau in knee joint compression. 

Average force-deformation curves (Fig. 3e and f) for 
rigid and lightly padded impacts demonstrate the 
composite response of knee joint compression and 
applied force. The average responses for the observed 
occurrence of the skeletal injury is also shown. The 
apparent stiffness of the knee joint for moderate states 
of joint compression seems to be significantly affected 
by the particular specimen’s premortem history, age 
and skeletal integrity (degree of osteoporosis). Knee 
joint stiffness averaged 10 kN/cm with a range from 
6 kN/cm to 20 kN/cm for the rigid impacts. Since a 
large variation was observed in the initial linear 
stiffness of the knee joint and the applied peak force, 
there is a partial explanation for the relatively constant 
level ofknee joint compression at fracture (i.e., force = 
stiffness x compression, so that force variability was 
accounted for by stiffness variability). A similar ave- 
rage 10 kN/cm joint stiffness was observed in the 
lightly padded impacts when the stiffness computation 
was taken beyond the point of maximum compression 
of the interface padding. 

Bending and compression strains could be com- 
puted up to the initiation of skeletal fracture using the 
three midshaft uniaxial gage responses and infor- 
mation on the cross-sectional geometry. A typical rigid 
knee impact response (Fig. 4a) demonstrates a gradual 
compressive loading of the femur shaft until fracture. 
Comparison of the strain responses with the applied 
force history clearly indicates that the peak applied 
force occurs much earlier than the maximum struc- 
tural response and fracture of the femur. In this test, the 
peak applied force occurs after about 1.3 ms of contact 
exposure. At that point, the knee joint compression is 
nearly maximum and the femur begins responding as a 
loaded column. Even though the axial compression 
increases continuously to failure, the induced ante- 
roposterior (AP) femoral bending also increases and 
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maximum and then decreases before the observed fracture initiates. Composite dynamic force-deformation 
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b) 
us- 

Fig. 4. Anteroposterior and lateral bending and axial compressive strains arc shown for a rigid and thickly 
padded knee impact. (a) Both the level of uniform compression and AP bending increase gradually until 
fracture. (b) When an injury does not occur, structural vibration in the lateral and axial direction indicates a 

fundamental frequency of approximately 140 Hz. 

becomes the dominant factor associated with the 
midshaft fracture (Figs. la and b). Fracture initiation, 
which occurs on the anterior midshaft surface, is the 
result of tension at the site of failure. In this typical 
example, a tensile strain of 1.22% [l.l60/,/cm 
(1.59 cm)-0.62X] was computed at the site of fracture 
initiation. All midshaft fractures in this experimental 
study were directly linked to anteroposterior bending 
which induced tension on the anterior femoral surface 

exceeding the load-carrying ability of the compact 
bone (approximately 1.4% tensile strain - Yamada and 
Evans, 1970). The level of tensile strain on the anterior 
surface varied considerably with the particular subject 
in this test series, as did the degree of osteoporosis and 
skeletal integrity of the cadaver specimens. However, 
the mechanism of midshaft failure by tensile strain was 
consistent for all occurrences. 

An example of a noninjurious femoral response (Fig. 
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4b) demonstrates a complicated beam-column impact 
response (Viano and Khalil, 1976b and 1976c and 
Viano 1977b). However, the midshaft strain response 
followed closely the time history of the applied knee 
load, indicating a much lower component of force 
inertially accelerating the femur. Various dynamic 
structural responses are apparent with the natural 
mode of vibration at about 140 Hz. This is consistent 
with the range of lOO-2OOHz femoral resonant 
frequencies observed in cadaver and volunteer imped- 
ance vibration studies (Melvin and Stalnaker, 1975 
and 1976). In the current example, the structural 
vibration is directed laterally and axially with the AP 
bending predominantly a quasistatic ‘column-like’ 
response. 

Injuries to the patella and femoral condyles occur- 
red frequently in this test series as well as in previous 
studies (Lister and Wall, 1970; Melvin and Stalnaker, 
1975 and 1976; Powell et al., 1974 and 1975; and 
Viano, 1977b). Again, observed failures of the femoral 
condyles seemed to be a direct result of induced 
tension, either through AP bending of the condyles 
(Fig. lc lateral view) or lateral-medial wedging by the 
compressive effects of the patella ‘(Fig. lc anterior 
view). The most serious damage of the patella was 
diffuse comminuted fractures generally emanating 
from the posterior aspect. In many cases, a lateral 
and/or medial chip was found displaced in the knee 
joint at autopsy. 

Since direct observation of the femoial neck was not 
included in the experimental protocol, the sequence of 
events leading to neck failure is largely conjecture 
based on circumstantial evidence. The rearward dis- 
placement of the femur produces loads in the femoral 
neck and would be expted to develop tensile strains 
on the posterior aspect of the femoral neck and hip 
joint. Femoral neck fracture frequently occurred in 
rigid impact experiments. Although femoral neck 
fracture might be suspected of the force dropoff prior 
to the observed fracture, it is judged to occur mo- 
derately late in the event because of: (I) the smooth 
increasing bending and compressive midshaft strains 
(Fig. 4a) after the peak in applied force, (2) similar 
response profiles for rigid and lightly padded impacts 
with and without neck fracture, (3) the smooth pelvic 
accelerations beyond peak force (see Stalnaker et al, 
1977), and (4) the early component of applied force 
accelerating the femur and coupled masses distal to the 
hip joint would not be part of the reaction force at the 
femoral neck. However, additional tests with a de- 
nuded hip joint would be needed for identification of 
the mechanism and temporal occurrence of femoral 
neck fracture. 

Although the pelvic acceleration responses are not 
directly addressed in this analysis (see Stalnaker et al., 
1977 for raw response data), a few observations seem 
warranted. The peak pelvic acceleration consistently 
lags the peak in applied force by 2-5 ms. In some cases 
the pelvic acceleration peak is contemporaneous with 
the initiation of the observed femoral fracture, but in 

other cases it lags the fracture occurrence. Because the 
back mount was midsagittally positioned high on the 
iliac spine and only one leg was subjected to impact, 
the occurrence of the peak response is significantly 
influenced by angular accelerations. The pelvis ap 
pears somewhat loosely coupled to the impact event, 
due probably to the knee joint compression, structural 
bending of the femur, and the femoral head defor- 
mation in -the hip joint, which preceeds the pelvic 
response. 

SUMMARY 

In this experimental study, six human cadavers with 
denuded femurs were subjected to knee impact with a 
10.1 kg flat-faced mass with a velocity of 12.1-14.4 m/s. 
The line of action of the applied force was directed 
through the femoral axis (axial femoral impact). 
Analysis of biomechanical and kinematic responses for 
these tests indicates that: 

1. During impact, the knee joint compresses up to a 
maximum of 1.30 f 0.07 cm at the initiation of the 
observed condylar or midshaft fracture. The joint 
demonstrated an initial linear stiffness of appro- 
ximately 10 kN/cm. Joint compression can ultimately 
cause wedging or bending failures of the femoral 
condyles (see Fig. lc) as we!1 as comminuted fractures 
of the patella. However, as the joint compression 
approaches a maximum, the femur inertially displaces 
and structurally deforms. 

2. The peak in applied load for rigid impacts 
occurred 0.5 ms to 1.5 ms before the initiation of the 
observed condylar or midshaft fracture. On the ave- 
rage, the applied knee load at fracture (10.6 f 2.7 kN) 
was only 58 per cent of the earlier peak knee load (18.3 
f 6.9 kN). l%e applied force produces both inertial 
displacements of the lower extremity and structural 
deformations of the knee-joint and femur. These 
reactions occur simultaneously and superimpose in 
differing proportions during the impact. It appears 
that a significant portion of the early peak force 
inertially accelerates the femur and coupled masses, 
while the remainder develops tolerable deformations 
in the knee-joint and femur. 

3. Maximum compression of the knee joint showed 
very little variation in level (1.3 f 0.1 cm, coefficient of 
variability CV = 5.4%) at the initiation of observed 
fracture in the rigid impact experiments. This is in 
contradistinction to larger variations observed in peak 
applied load (CV 5 37.7%) and knee load at observed 
fracture (CV = 25.5%). 

4. Strain gages bonded to the femoral midshaft were 
used to calculate the axial bending strains in ortho- 
gonal principle planes (anterior-posterior and lateral- 
medial) and the uniform state of axial compression. 
The midfemoral strains up to fracture initiation (See 

Fig. 4a) indicate that anteroposterior bending gra- 
dually increases in significance until it dominates the 
midshaft response. Eventually, the anterior tensile 
strain surpasses the load-carrying ability of the com- 
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pact bone and fracture initiates (see Fig. la and b). In 

these experiments the applied force passes its max- 

imum value while the midshaft bending and compres- 

sive strains continue to increase until fracture 

initiation. 
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