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ABSTRACT

A primary objective of this experimental investigation was to further
understand relationships among loading characteristics as they affect the
resultant fractures of human long bones (tibia, femur, humerus, and fibula).
Numerous human cadaver long bones were loaded in controlled laboratory
conditions with varying test parameters such as loading direction, specimen
choice, impact velocity, and test method. Data presented in this paper focus on
the resultant fracture patterns for the tibia and femur tests. Observations were
made based on these data and on the authors’ general knowledge with respect
to fracture behavior. These comments draw upon a decade of laboratory
experience of dynamically loading human cadaver long bones.

ALL PERSONS ARE AT RISK for fractures, especially to the long bones. This
is true for young persons, who generally may otherwise be healthy, and older
persons, in which osteoporotic and arthritic changes can increase the
seriousness of such fractures. Most fractures heal successfully, but many
result in significant loss of function and permanent disability. Some of the
complications are directly related to the fracture itself, but others are associated
with accompanying effects of the fracture. The fractured bone may pierce the
skin creating an open wound possibly resulting in infection, or may lead to other
injuries involving the surrounding neurologic, vascular, and connective tissues.
The primary sources of such injuries are the jagged edges of the fractured
components and displaced bone fragments. Potential post-traumatic
impairments may include arthritis, chronic pain, decreased weight-bearing
capacity, limited range of motion, and osteodeformities.

An understanding of long bone failure mechanisms and fracture patterns
is helpful in characterizing the resultant injuries. Also, more knowledge with
respect to failure mechanisms can facilitate development of better “systems” or
“environments” to minimize severity of injuries.
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Breaking strength and fracture patterns of long bones have been studied
quite extensively with good documentation dating as far back as the 19th
century. Messerer (1880) tested 500 bones from 90 cadavers of both sexes
and various ages. He found that the cracking or tearing of the bone generally
occurred on the convex (tension) side of the bone. In bones exhibiting
significant bend there was crushing on the concave (compression) side, at the
point of application of the load, before a tearing or tension fracture occurred.
The significance of tensile stresses as the cause for bone failure was further
emphasized by Evans and Lissner (1948) through stresscoat studies.
Mechanical property studies over the years have shown that bone is weaker in
tension than in compression. Rauber (1876) was one of the first researchers to
discover that when a bone is subjected to increasing amounts of equal tensile
and compressive forces it fails in tension first. Kress and Porta (1993) have
found that the human femur seems to be approximately 1.5 times stronger in
compression than tension, even during dynamic loading conditions.

A fracture, or break in the surface of a bone, can range from a simple
crack to complete rupture of the bone structure with fragmentation. Injury
severity, as it relates to fractures, depends on three primary parameters:
fracture location, degree of displacement of the broken bone or associated
fragments, and nature of the surrounding soft tissues and skin. These
parameters are variable depending on the specific loading situation.

Long bone fractures occur to the diaphysis (shaft) and/or the epiphyses
(articular regions). The shaft is usually discussed in terms of three equal
subdivisions of the bone's length. The third closest to the torso is described as
“proximal”, the middle third is simply “the middle third,” and the third furthest
from the torso is described as “distal.”

Open fractures, as opposed to closed, involve damage to the overlying
skin and, naturally, the adjacent soft tissue structures. These fractures usually
result in increased blood loss, decreased healing rates, and greater risk of
infection. This increased risk of infection is supported by Dellinger et al (1988)
in a study of 240 patients. Roth et al (1986) reviewed infectious morbidity in
838 patients and found that infection was prevalent 8% more often with open
fractures as compared to closed.

Comminuted (i.e. bone is broken into more than two pieces) is another
type of fracture that can cause significant soft tissue damage. Varying degrees
of comminution manifest as relatively simple wedges or segmental fractures to
more complex longitudinal split or massively fragmented fractures (as illustrated
in Figure 1). Also shown in Figure 1 are the common non-comminuted fracture
patterns: transverse, oblique, and spiral. Other descriptions of fractures (e.g.
impacted, avulsion, greenstick, etc.) will not be discussed due to the scope of
this paper.

OBJECTIVE
An intent of this experimental investigation was to further understand

relationships among loading characteristics (e.g. direction of applied force,
dynamic vs. static, torsional vs. bending) as they affect the resultant fractures of
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Figure 1 - Fracture Patterns
(Legend Notation in Parentheses)
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human long bones. This understanding should be useful as an aid for
evaluating the effectiveness of any protective or mitigative devices or
strategies. It should also be helpful in identification of all of the associated
resultant injuries from a fracture. Perhaps this information could be a useful
tool for accident reconstruction purposes and furthering progress with respect
to emergency management for the affected individual.

EXPERIMENTAL METHOD

A total of 558 bone fracture tests are being reported on in this paper as
tabulated in the appendix (Table 1). Most of the results and discussion focus
on a narrowed field of these tests consisting of 253 tibias and 136 femurs. As
detailed in Table 1, the specimens were obtained from a geriatric population
(on the average) consisting of both males and females. All bare bones were
tested in a pin-pin setup and the intact leg tests were mostly pin-inertial (foot
hanging freely) or pin-friction (shoed foot on concrete block). The pin-pin setup
supported the bare bones at their ends (epiphyseal aspects) and were
impacted at midshaft.

Two general setups were used for the experiments. Figure 2 shows a
test setup that consists of a pneumatic-based accelerator which propels a
wheeled cart toward the mounted specimen. The accelerator consists of a
piston assembly inside of a pneumatic chamber that is pressurized in order to
achieve target velocities. For most tests the pressure was 0.34 MPa (50 psi)
yielding a cart velocity of approximately 7.5 m/s. A ram connected to the piston
pushed an aluminum and steel impact cart (50 kgs) throughout its stroke of
approximately 1.5 meters. Then the cart separated from the ram and traveled
along a railway for less than a meter before striking the specimen. In that
stretch, it was timed by a photovoltaic cell/timer apparatus allowing for
calculation of the velocity before impact.

Heading the cart is an instrumented 10-cm steel impactor pipe with an
outside diameter of 4.13 cm. It is mounted to the front of the cart via slide pins.
When contacting a specimen, the pipe was freely able to impinge on a
piezoelectric quartz force transducer (PCB Piezotronics model 208A03),
thereby producing a measured force equal to that which is delivered to the
specimen. The transducer signal was recorded on a Hewlett Packard 3562A
signal analyzer allowing storage of a force vs. time plot for each impact.
However, for the purposes of this paper, discussion will focus on the resultant
fracture data.

The second setup consists simply of a swinging pipe approach as shown
in Figure 3. This “swinging pipe” is the same instrumented pipe that is mounted
to the cart in the other setup.

Afterimpact each specimen was examined (intact legs were also x-rayed
and dissected) in order to categorize the fracture pattern. Ten patterns were
observed as shown in Figures 1 and 4. The results have been grouped into
logical categories as illustrated by the fifteen data charts in Figures 5 and 6.
These correspond, respectively, with the first fifteen rows of Table 1. Note that
all the fracture data from the swinging pipe tests (Figure 3) could be classified
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into four categories (Figure 6). Considering that all of these tests were of bare
bones, the data may be indicating a lower incidence of comminution as
compared with the intact specimens.

Figure 2a - Wheeled Cart Setup (Showing Simply-Supported Bare Bone)
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Figure 2b - Wheeled Cart Setup (Showing Impact of Intact Leg)

Figure 3 - Sketch Showing “Swinging Pipe” Approach
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Figure 4 - Photographs of Actual Test Specimens Showing Fracture
Patterns
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Figure 5 - Fracture Patterns From Impacts Using Apparatus in Figure 2
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Figure 6 - Fracture Patterns From Impacts Using Apparatus in Figure 3
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RESULTS

All of the observed patterns were produced by transverse loading of the
shafts of the long bones, except for the spiral fracture which resulted only from
pure torsion or from the existence of pre-torsional loading. The photographs in
Figure 4 are of actual test specimens and illustrate the different patterns in the
same respective order as Figure 1. A compression wedge type fracture is not
included in the photographs, because it has the same appearance as a tension
wedge (just rotated 180°). Figures 5 and 6 show the frequencies of occurrence
of these patterns resulting from various experimental impacts. These data and
other data are tabulated at the end of this paper as an appendix. Each chart in
Figures 5 and 6 represents a different combination of the test parameters that
include loading direction, specimen choice (tibia, femur, or intact leg), impact
velocity, and test method. As noted in the figures, the direction of impact was
anterior-to-posterior (A-P), posterior-to-anterior (P-A), lateral-to-medial (L-M),
medial-to-lateral (M-L), or at a 45° offset angle laterally from the anterior side to
the posterior/medial side (AL-PM). All impacts in Figure 5 were at a speed of
approximately 7.5 m/s except for the indicated low velocity data which were at
approximately 1.2 m/s. Figure 6 contains data from the swinging pipe test
series in which 88 bones were fractured all at a velocity estimated to be about
5.0 m/s. This speed was approximated by digitizing twelve of the test films.

OBSERVATIONS AND CONCLUSIONS

(1) It appears reasonable to combine the data from varying loading
directions (A-P, P-A, L-M, AND M-L). In other words, the resultant fracture
types seem to be extremely similar regardless of the direction of the impact.

(2) Intact leg impacts promote more comminution type fractures than
bare bone impacts. It is believed that the impactor continues to impart forces
and energy on the intact leg bones because of the containment provided by the
surrounding soft tissue. Also, the inertial constraints of the foot mass and
upper leg/body components cause a wrap-around effect that results in
increased comminution as the specimen stretches around the impactor.

(3) Embalmed intact leg fractures exhibit greater comminution than
unembalmed. The embalment process causes significant increase in stiffness
of the soft tissue containment.

(4) Itis reasonable to assume that transverse, oblique, segmental, and
tension wedge fractures are all just different manifestations of tensile failure.
Even high comminution fractures probably originate as tensile fractures but get
further fragmented due to other influences.

(5) Compressive wedge type failures are extremely rare in long bones.
This is expected as human bone is approximately 1.5 times stronger in
compression than it is in tension.

(6) Although the femur is stronger and has a different cross-sectional
geometric shape, its fracture patterns as a result of transverse loading are
generally the same as those for the tibia.
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(7) The most common fracture pattern is the tension wedge and is
followed closely by the oblique fracture.

(8) Transverse and oblique fractures generally have jagged edges.

(9) Spiral fractures have the “smoothest” break edge, perhaps
indicating that it follows some pre-existing engineering structural line. Wedge
fracture lines tend to follow curved paths similar to the spiral fracture path.

(10) Tensile wedge fractures clearly originate at a location directly
opposite of the point of impact and the wedge segment radiates back through
the bone initially forming a 90° vertex angle (propagates 45° from the horizontal
both superiorly and inferiorly) indicating possible transition along the lines of
principal stress (transition from purely tensile to shear). Refer to the illustration
of the tension wedge in Figure 1 in which the arrow indicates the direction of
impact. A previous report by Levine (1986) stated the opposite of what this
illustration shows. He stated that the butterfly occurs on the side in which the
bone is in tension implying that the “base” of the “triangle wedge” occurs on the
opposite side of the impact. This is not correct for almost all cases as indicated
in Table 1. Levine's work describes a compression wedge, which is an
extremely uncommon pattern for long bones.

(11) The only bare bones with high comminution were those that were
extremely osteoporotic or loaded axially at high speeds (e.g. a knee impact).

(12) Because of the high incidence of tension wedges, this fracture
pattern can be used as an indicator of the direction of impact.

(13) Many oblique fractures also have tensile wedge patterns that are
not detected by x-ray. Note the appearance of these lines in a specially treated
bone in Figure 7.

(14) The fracture patterns of low speed impacts (1.2 m/s) are very
similar to those of high speed (7.5 m/s) with the exception that high
comminution is not observed in the low speed fractures. This is somewhat of a
unique -observation because it has been commonly thought that the butterfly
wedge results only from high speed impacts.

(15) Spiral fractures only appear when the bones are subjected to
torsional loads. Furthermore, if long bones are loaded in pure torsion then
spiral fractures will result 100% of the time. Previous researchers, Kramer et al
(1973), reported that the absence of spiral fractures from transversely loading
long bones of geriatric humans was due to the fact that older people have more
brittle bones. This is not the case. A transverse load is simply not a causal
mechanism of a spiral fracture.

(16) Approximately two out of three spiral fractures of the femur were
located at the proximal third.

(17) A torsional loading direction is herein defined as being “clockwise”
if the top is held and the bottom is twisted in the clockwise direction (looking
up). Contrary to popular belief, a clockwise torsional load will result in the spiral
portion of the fracture being oriented like a right-hand screw (see Figure 8). For
example, the spiral fracture illustrated in Figure 1 would have been loaded
torsionally in the counterclockwise direction. This interesting observed fracture
behavior is indicative that the bone is failing in tension rather than shear when
loaded in torsion.
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(18) Segmental fractures are much more prevalent in femurs than
tibias.

(19) Transverse loading to the tibia/fibula most often results in a
segmental fracture of the fibula.

(20) Surfaces of eight bones were videographically scanned and stored
in the computer prior to their impact tests. Post-test examination of the
fractures and stored computer images provided no evidence of the presence of
surface stress risers that could have caused fracture or crack propagation.

(21) Fractures resulting from 7.5 m/s impacts can be quite serious, that
is causing significant injury. This conjecture is also supported by research
pertaining to pedestrian injury and vehicle design by Pritz and Hassler (1975).

(22) Pritz and Hassler also reported no noticeable differences in injury
severity associated with cylindrical impactor radius changes from 1-inch to 4-
inches. This is consistent with the findings in this study.

(23) Comminuted fractures can occur without entrapment (crushing
injury). For 7.5 m/s impacts of intact legs, the inertial restraint of the tibia from
the upper thigh and foot is sufficient enough to result in comminuted fractures
without any additional support. For low speed tests (static and 1.2 m/s), simply-
supported legs have resultant bone fractures comparable to inertially supported
legs at high speeds.

(24) Age changes in bone can exist, although these changes do not
seem to significantly affect fracture patterns (except when compared to babies
or small infants). Such changes can include mineral mass, volume, density,
and mechanical properties. During dynamic loading situations when ultimate
strength is exceeded, bone basically fails as a brittle material (young or old).
So, the fractured patterns do not vary too much, unless severe osteoporitic
changes have occurred. Such osteoporosis can increase the incidence of high
comminution (shatter).

(25) For impact loading of the long bone shaft, arthritic changes did not
seem to affect the resultant fracture pattern of the entire bone. In other words,
a fair supposition would be that arthritis only affects failure patterns when they
involve joints.

-165-



Figure 7 - Fractured Bone After Figure 8 - Relationship Between
Special Treatment Showing Torsional Loading Direction and
Tensile Wedge Stress Fractures Resultant Spiral Fracture Direction
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APPENDIX

The following table summarizes the data collected with regard to the dynamic
response characteristics of human long bones. As mentioned earlier, the
seven charts contained in Figure 5 correspond to the first seven rows of this
table, and the next eight rows correspond to the data in the charts for Figure 6.

-167 -



(s€0)

sauog Buo uewny jo sansiiajoeIRy) asuodsay aweuiq ayy jo ejeq Asewwng - | 3jqel

€89 -W %000} eBpeM uoisue | %0'SZ enbiqo %0'sL | ¥ 0§ ey 201 edig el LN
(8L0)
0'¥8 - 4%0°00} enbiiqo %0°0S eBpep uoisue L %005 | ¥ ,0'S Ll eu edid eiqilL v-d
9'0L~d %S'Sk (ze0) (6L'1)
0'SL - W %S¥S ©SIeASUBI | %Z LT enbiiqo %¥'ge oBpepuoisue ] %p'gg | L \0'S SEl 967 edig elqIL d-v
0'18-3 %062 (80°1) (sz'1)
€92 - W %0'SL eBpapn uojsue | %EZZ osIeAsUBI| %EEE enbiqo %¥vy | 6 0 191 622 edig Jnwed -
0€L-d %L eBpep uoisue | %002 (eu) o)
£69- W %688 esioAsuURIL %002 lejuewbes %0'0¢ enbiiqo %00 | OF ,0'S (2%~ SLY edig Jnwed -1
S6L-d %L'LS (590) (690)
S'€8- W %62F enbiqo %1'L lejuewBes %9'8Z eBpapp uoisue L %E¥9 | I 06 stl 8y edig nwed v-d
86L-d %LL9 (8€1) «9'L)
¥'SL- N %EZE [ejuewBes %p's eBpep uoisue | %S LE enbigo %Les | z€ ,0'S oLz 192 edig nwed gy
89L-d %b'LL eBpem uoissaidwod %56 POINUIWWOYD %S'6 (s€0) (¢4%4)] @)
0bL-W%9'82 |ejuewbag %g°cZ enbiq0 %982 eBpepn uoisue | %982 | 1Z S SO'€ 8b's edig nwed w1
9ZL-d %LLY eBpep uoisse1dwod %0y ©SJeAsuBl] %0'8 |ejuewsBes %0°z) (s+'0) (s¥1) (892)
269 - W %ETS enbiq0 %002 eBpe uoisue | %0vZ pejnuIwwod %0ZE | 05 vL 8S'h oLs edid nwed d-y
0ZL-d %529 i enbiiqo %Z'1L (zz0) (TN} «so0) eiq 1 /6o
L'28- W %SLE esIeAsUBl] %22 pe:NUIWWOD %Z'TZ eBpopuoisue L %ppy | 6 €L [T St'g edig 10BN WY
9SL-4 %005 {euewBog %ey o%ozm._o_mmoasoo %L"L enblg0 %9'8 (4] s2) (292) eiqi3 /6o
9L - N %005 esieAsUe! %0°0Z e0po\ uoIsue L %E'bZ pejnuwwo) %L'sE | 0L €L 80'S 96'9 edid 1oe)| &Y
6'8L-d %9°LS jewewBes 9|9 ((8z0) e z'1)
ePL - W %PV osIeASUBI| %Z'LT enbiqo %Z'¥Z ebpepn uoisue | %58y | €€ LL 167 L0 edig eIl -1
ez8-4 %y | oano\é__o_mmoasoo %b'p (650) (s80) (16'0) (1oA mo7)
0LL-W%ETS ©SIGASUBL] %.'8 |ejuswBes %}'6€ obpop uoisue L %Ly | €2 Sl 98l 12T edig eIqIL d-V
eBpepn uojssaidwopyuosue ] %L Z
ovL-d %9Ly eBpe uoissaidwo) %| 'z pejnuIwwo) %9°L L jeyuewBag %971 (se0) (1) (802)
969 - N %¥'ZS esioAsUel] %0'0Z eBpap uoisue §, %1°2Z enbilq0 %562 | S6 SL 09°€ 584 edid eIqlL d-Y
— (reg - pig) | (aegpis) | (aeq pis)

(eBy Bay - xeg %) s N 82104 N 82104

uoljew.ojuj Agoolep [T]-=T\"} uespy uewioeds
JoAepe) suojea) Isse|) eJnjoeld ‘u ebeleay Ojewe.§ ole Jojoedw) eue|d joedwy
=l

- 168 -



*80UBJUBAUOI JO N0 SE[EY JO} ULIN|OI By} U] paoe|d sem ejep ‘dnoJB S|y} Jo} UMOWUN Sem Xes

joedwt Butinp w-N #1°0Z J0 90°0} Jo enbio}-e.d e 0} pejoefgns elem stnwejeseyy ,
‘spaeds Buims edid Jo sisAleue 08pIA UO peseq Bjewlise Ue S| S/w 'S JOAJIoOleA Y |

028+ 4 %005 (uewroads Jed sasnjoey) eldinw o0jenp OO} < e sebejusdied) (0) (oz'h) (0z?2) by
£'18 - %005 enjoeid Y98N %L 9k polnujwwod %00k | 9 SL LE'S 869 edid 108U -1
0'28- 4 %00S (uewioeds Jed seinjoeuyejdjinw o} enp OO} < 6Je sebejuesied) einjoe1d YooN %L 9L (0) (e60) (eu) ybiyr
£18-W%0'0S esieAsUBI] %O} enb)qo %005 eBpapm %005 | 9 SL 00'S €28 odid e d-v
v'SL-d %L ) Ao ejejed joeinjoeiy e pL (0) (Lee) @v1) LY
068 - N %982 Jnwed pue eiq!| ‘e||ejed JO SeIR|oBI4 POJNUILIWOD %L'S8 | L SL LE8 186 edid 1oejy| [exy
0'€L- 4 %002 nwe 4 pue eIq1 | ‘ef|ejed JO SeINjoeld PejnuIuwoD %0 0p 0) (eu) (8L1) eeu)
588 - W %008 Auo ejejed jo einoeld %009 | S Sl op'8 115 ejeld 1081Y] [BiXY
LML -4 %EEE zzh) (z0€)
S99 -IN %L'99 ©1njoe14 JLIeJUeYI0ANS %1 L1 eInjoeId YI6N %688 | 6 aneis 66 'S SIN Inwe |exy
029-4 %00S (uewnoeds sed seinioel} ejdyinw o} enp 0L« ©.e sebejusdaled) (v6'0) (e81) (v6'1)
8'€9 - N %0'0S %02 Ut 88U PUE %0P Ut YeYS ‘%08 U] %38 eyi Joseinjoesd | 0L 89 0z9 8€'8 ole|ld inwe |eixy
enbyqo %0°0L pejnuIwWod %0°02 (sz'0) (e81) (onbio-eid
umouzun ieyuewBas %0'0€ leyds %00v | O 69 eu £0°€ edid nwed W3
V8L -d %9Lp . (620 (820) (2s0)
SZL -N %S {ejuewBeg pue enbyqo ‘eBpom Alison | 1z 8L 1S0 Sl odid e|nqid W=
9'89 -4 %S'EP ©SIBASUBI] %0'Y eBpep uojssesdwo) %08 enbliq0 %08 o) (291) (1'2)
029 -WN %595 PejNUILIWOD %0°0Z lejuewbes %082 eBpep uojsuel %02e | SZ -] 1z ozy ejeld eiqil d-v
Gz0) (850)
umowyun enbiqo %005 eBpap uoisue | %005 | 2 69 U 88V edid SniewnH v-d
8'09-4 %002 (€90) (89°0) wz)
SbL-WN %008 pejnunwo Jo [ejuewbegs eemisoyy | 5z vL £6'0 %4 edid e|nqgid d-v
0'8L-4 %0LE (9e'6€) (8L€2) sinwe
8'ZL - N %0'€9 seinjoeld e31dg %004 | €€ eu W-Ng9'06 | W-NZL'90L eu Jouoisio)
(80'15) se|nqiyeiq) L
€9L-W %00} seinjoer4jelds %001 | v eu eu w-N 96'L6 eu Jouoisiop
0'LL-d %EEE (sLe) (oz'6b) Lewnyy
SHL-N%L99 seinjoety jends %00L | 9 eu w-Ng6'bk | W-NSO9S eu Jouoisioy
€28- 4 %0'SL (390) (ev)
0'S8 - N %0'5Z ©SIBASUBLY %0'SZ enbliqO %0°'SZ eBpop uoisuel %005 | ¥ ,0'6 t7M1 68’1 edid elqL W
CAe@ 'pIS) | (hed PIS) | (heq Pis) =
(eBy Bay - xo8 %) sjw NP} 89104 N{ 2104
uojjeusiojut Apoojep uesyy uesyy uswioads @
JeAepe) suoljealjisse|D einjoery u eBeleay ejlewed olew Jojoedwy eue|d joedw)

- 169 -



