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Structural Analysis of Human Rib Fracture and
Implications for Forensic Interpretation*

ABSTRACT: Patterns of rib fractures are of significant clinical and forensic interest. Linking patterns of rib fracture with specific physical events
provides a foundation for understanding the nature of traumatic events that are associated with rib fracture in forensic contexts. In this study, isolated
human ribs (n = 8) were end-loaded to failure to investigate: (i) local deformations (bone strain) prior to and during structural failure, (ii) location of
ultimate failure, and (iii) fracture mode. Structural properties of ribs were used to calculate theoretical stresses to determine whether such calculations
could be used to predict site of fracture. Ribs fractured on the sternal side of midshaft in all experiments, but mode of failure varied with transverse,
buckle, spiral, and ‘‘butterfly’’ fractures observed. Comparison of calculated stress with observed strain values suggest that experimental, rather than
theoretical, approaches will be most productive in furthering understanding rib fracture in forensic contexts.
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Rib fractures are commonly associated with traumatic events in
clinical and forensic contexts, yet the etiology of rib fractures with
respect to traumatic loads is poorly understood. If forensic anthro-
pologists are to make contributory statements as to the mechanism
of thoracic injury as it relates to cause and manner of death, further
research is required to better understand the biomechanics, struc-
ture, and composition of ribs. Empirical demonstration of variabil-
ity of rib fracture patterns with respect to loading conditions
advances this understanding.

Love et al. (1,2) comprehensively outlined the difficulties
involved in relating rib fractures to the mechanical circumstances
that cause them. They presented a classificatory system for charac-
terizing fracture patterns and noted that simple consideration of
bone’s material behavior was insufficient for understanding the
variety of fracture patterns seen in blunt force trauma victims. This
paper follows their recommendation for further research; specifi-
cally, we present experimental evidence on the structural behavior
of ribs under controlled loads in an attempt to identify those
mechanical variables that permit prediction of fracture mode and
location in human specimens. Such data are potentially valuable for
reconstructing the circumstances accounting for rib fractures in
forensic contexts.

Love and Symes (2) observed multiple examples of adult rib
fractures in which there is evidence of initial failure in compression
and incompleteness of fracture. They interpreted these findings as
being ‘‘contrary to current biomechanical principles of elastic bone’’
(2, p. 1153). Their rationale was that: (i) bone as a tissue is rela-
tively weak in tension, and therefore should preferentially fracture
in that mode and (ii) mature bone is relatively stiff, and this should
predispose adults to brittle fractures that will be catastrophic and
complete. If the structural properties of whole ribs are considered
in conjunction with material considerations, observations of

incomplete and compressive rib fractures are explicable in bio-
mechanical terms.

Fracture in bone can be studied from material or structural per-
spectives. Conceptualizing bone as a material essentially considers
analysis at the tissue level; material variables include elastic modu-
lus (stiffness) and toughness (resistance to fracture), among others.
Elastic modulus is the ratio of stress to strain within the functional
range of loading; stress is reckoned as force per unit area (N ⁄ mm2

or the MegaPascal [MPa]) while strain is a measure of the defor-
mation associated with stress and is calculated as the change in
length under load relative to original length, and is therefore dimen-
sionless. Materials with high modulus values are said to be stiff,
those with low values are called compliant. Toughness, in the
vernacular, measures a material’s ability to resist cracking; in the
biomechanical context it is measured in terms of energy absorption
or work of fracture (3) and is figured in units of Joules per square
meter (J ⁄ m2).

The structural perspective in the osteological context is con-
cerned with whole bone behavior. Considerations of size and shape
become important, because the behavior of the whole bone is
dependent on details of cross-sectional geometry and local and
regional variations in cortical bone thickness. Structural variables of
interest include second moments of area (I), which account for the
area of stress-resisting material and its distribution in a cross-sec-
tion of interest. These variables permit calculation of structural
stiffness and strength that are important for understanding how
whole bones fail.

In mechanical terms, bone strength can have different mean-
ings. Structural strength refers to the load at which a particular
specimen fails. By this concept a femur is stronger than a meta-
carpal, and simply reflects the fact that femora are larger and
more massive than hand bones. Material strength refers to the
stress at which failure occurs. If bone tissue was universally
invariant in its composition, it would fail at the same stress,
whether failure of a rib, humerus, or parietal was considered.
Material strength is potentially useful for modeling bone failure
because if it can be established that bone tissue in a particular
skeletal element exhibits a restricted range of material property
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variation, it may be possible to specify a narrow range of stress
over which failure is likely to occur.

With respect to bone, strength can be further partitioned in terms
of yield strength (or stress) and ultimate strength (or stress). While
ultimate strength refers to the stress at which bone tissue actually
fractures macroscopically, yield strength is the stress at (and
beyond) which bone undergoes permanent plastic deformation (i.e.,
the original shape is irrecoverable). In the forensic context, ultimate
strength is presumably the stress measure of interest.

Predicting bone fracture is theoretically straightforward if knowl-
edge of loading conditions and a complete accounting of material
and structural composition are known a priori. As this information
is rarely accessible even in the context of laboratory testing, models
of bone fracture are necessarily grounded in an experimental foun-
dation (4,5). The difficulty in forensic contexts is that trauma is
seldom comparable among cases; thus, in post hoc comparisons, it
is not surprising that rib fracture patterns are inconsistent (1). What
remains to be established however, is whether morphological varia-
tion alone is sufficient to present an array of fracture types and
locations.

The experiments described below were performed to address the
following questions: (i) when loads are controlled, is fracture mode
and location among a sample of ribs consistent? and (ii) is the vari-
ation in fracture pattern explicable with reference to structural vari-
ables that consider variation in biomechanical performance among
different specimens? The first question asks whether a defined trau-
matic event can be expected to yield a signature fracture, while the
second question asks whether there are feasible computational bio-
mechanical approaches that can be easily applied to predict and
understand variability in rib fracture patterns.

Methods

Eight ribs were subjected to end-compressive loading until fail-
ure. During load application, surface bone strain was recorded from
four locations on the ribs. From the strain data, estimates of local
stress were calculated for purposes of assessing local liability to
fracture. Location and mode of fracture was noted for each speci-
men. Details and rationale for the above procedures follow.

Ribs (n = 8) were obtained from existing research and teaching
collections at the University of Florida (Institutional Review Board
UF granted exempt status to this protocol). Sex and age data were
not available for the sample, but all represent adult individuals. The
particular ribs represented are unknown in each case; however, the
elements represented are from ribs 3 to 9 based on morphological
criteria (6). Specimens 1 and 3 were antimeres of one individual.
Because specimens were dry and degreased, prior to mechanical
testing specimens were rehydrated in saline for 24 h prior to testing
in order to more closely recover in vivo structural behavior (4).
Drying of bone results in an increase in both elastic modulus and
strength from values derived for fresh bone (7), but rehydration of
dry specimens in saline restores the wet weight, stiffness, and work
of fracture to presumed in vivo levels (8,9). For this reason, rehy-
dration is routinely practiced in bone mechanical testing (10) and is
recommended to best approximate in vivo behavior (11). Evidence
that physiological bending strength may not be fully recovered by
this procedure (9) is not detrimental to the present study, as our
focus is on the predictability of fracture mode and location rather
than the determination of structural strength.

To measure surface deformation in specimens, 3-element rosette
strain gages (FRA-1-1 L; Texas Measurements, College Station,
TX) were bonded to each specimen. Gages were applied on super-
ficial (parietal) and deep (visceral) surfaces at the angle, and on the

corresponding surfaces of the sternal shaft, midway between mid-
shaft and the sternal end. Strains were continuously recorded during
experiments at 100 samples ⁄ sec. From the recorded strains the
maximum principal strain (�1), minimum principal strain (�2), and
shear strain (c) were determined, as was the orientation of �1.

The head and neck and sternal ends of the ribs were embedded
in a thick sleeve of vinyl polysiloxane putty (3M Dental Products,
St. Paul, MN) to mitigate potential stress concentrations at the sites
of restraint and load application. Both sleeves were fitted to hard
rubber bumpers, which were secured to the load actuator (head
end) and the platen (sternal end). The load was applied perpendicu-
lar to the head-tubercle axis in order to apply a bending moment to
the specimen (Fig. 1). While this procedure cannot be expected to
mimic the in vivo context precisely, it was intended to simulate
anteroposterior compression of the thorax by producing tension
along the convex parietal surface and compression along the vis-
ceral concave surface. The load was applied at a rate of
0.5 mm ⁄ sec until structural failure was observed.

FIG. 1—Experimental specimen prior to loading. The vinyl putty sleeves
at each end served to minimize stress concentrations at the site of load
application (top) and restraint (bottom). Each specimen was instrumented
with four strain gages. The end load applied created a bending moment
which placed the outer surface of the rib in tension and the inner surface in
compression. Load was applied at a constant rate of 0.5 mm ⁄ sec until
failure.
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Following experiments the structural properties of the ribs were
estimated from external measurements of thickness and depth. The
bending stiffness of the angle, midshaft, and sternal portions of the
ribs was calculated based on an assumption of elliptical geometry
(12). A theoretical stress at these locations was then calculated
using existing elastic modulus data on human ribs (13). At loca-
tions of strain gage attachment, an ‘‘observed’’ stress was also
calculated under the same assumption of elasticity. Idealizing a rib
as a prismatic, uniformly curved structure that is end-loaded in the
manner of our experimental procedure, the expectation is that—
given minor variation in material and structural properties through-
out the element—failure is likeliest at midshaft.

In general terms, the location of the greatest structural weakness
will correspond to the presentation of a fracture. Yet the location
of the highest principal stress may or may not represent the ulti-
mate site of failure. The production of a fracture is closely tied to
the release of strain energy (5), and shear stress and strain are also
implicated in bone failure (14). Which stress or strain variable is
best recruited for understanding bone failure is context-dependent
and remains an area of ongoing experimental investigation (15). As
both principal and shear stresses and strain energy will be propor-
tional to principal and shear strains, the strain gage data can never-
theless be utilized to assess where regions of structural weakness
may be encountered.

The manner of specimen loading was intended to induce bending
coincident with the rib’s longitudinal axis. Given the force applied,
the magnitude of the bending moment can be calculated for any
section of the rib, which for this study included strain gage loca-
tions and the eventual site of fracture. These data, when related to
the stiffness measures calculated for rib sections, could then be
used to model relative stresses along the rib shaft, with the expecta-
tion that the location of the highest calculated stresses would corre-
late with sites of failure.

Calculation of stress under bending loads involves the common
flexural formula, or r = Mc ⁄ I, where r is the stress, M is the mag-
nitude of the bending moment, which is the product of the applied
force and its moment arm (a linear measure analogous to leverage),
c is the distance of the locality of interest from the bending neutral
axis, and I is the appropriate second moment of area. The equation
assumes that the structure in question is geometrically, structurally,
and materially invariant throughout, which of course is unrealistic
to some degree for bone. Still, this approach is used widely within
anthropology to draw functional inferences concerning skeletal
variation (16).

Fracture location was described both categorically and quanti-
tatively. Measuring the arc of the parietal surface of the rib,
each specimen was divided into quartiles based on the cumula-
tive proportion of the arc, as measured from the head end:
0–25%, head end; 25–50%, angle midshaft; 50–75%, sternal mid-
shaft; 75–100%, sternal end. In addition, the exact location of
the fracture was noted as a percentage of the total arc from the
head end. Assessment of fracture mode included whether the
fracture was complete or incomplete and otherwise categorized
as buckle (incomplete by definition), transverse, spiral, or butter-
fly (Fig. 2).

Results

One specimen (no. 2) failed immediately upon restraint via a
buckle fracture along the sternal portion of the shaft. This failure
occurred as the result of longitudinal compression as it presented
on the visceral surface. No strain data or theoretical stresses were
collected on this specimen.

The above specimen excepted, fracture location was very consis-
tent (Table 1), with all specimens fracturing in the sternal midshaft
region. In this region the cross-sectional shape of the ribs is eccen-
tric, with the superior inferior dimension far exceeding the medio-
lateral dimension. Under the imposed loads, the ribs are
predisposed to initial failure along the parietal or visceral surfaces.

Fracture mode was variable (Table 1). Four experiments termi-
nated with incomplete fractures. These included the one buckle
fracture noted above, as well as three of four transverse fractures.
In one specimen (no. 3), the fracture initiated transversely on the
parietal surface (i.e., under longitudinal tension), but terminated as
a complete spiral fracture on the visceral face. Other complete frac-
tures included specimens exhibiting butterfly and spiral patterns.

The theoretical stresses at gage locations and at the sites of frac-
ture indicate relatively low stresses at the rib angle and typically
larger stresses at fracture sites and the sternal region of the shaft
(Table 2). In three cases, the calculated stresses suggest that failure

FIG. 2—Schematic representation of fracture modes. (A) transverse frac-
tures are defined as running perpendicular to the bone long axis. (B) spiral
fractures follow a sigmoid pattern. (C) ‘‘Butterfly’’ fractures are typified by
a transverse portion that terminates as two obliquely disposed lines of fail-
ure. These categories are idealized and modes of fracture in bone are con-
siderably more varied than implied by these distinctions. See text for
mechanical explanation of these fracture modes.

TABLE 1—Observed fracture patterns.

Specimen
Fracture Location

(% from head) Fracture Type
Fracture
Severity

1 sternal midshaft (60.9) transverse complete
2 sternal midshaft (74.2) buckle incomplete
3 sternal midshaft (60.0) transverse+spiral* complete
4 sternal midshaft (62.1) butterfly complete
5 sternal midshaft (53.4) spiral complete
6 sternal midshaft (61.0) transverse incomplete
7 sternal midshaft (67.1) transverse incomplete
8 sternal midshaft (64.8) transverse incomplete

*fracture initiated on parietal surface in tension as a transverse fracture
and terminated as a spiral fracture on the visceral surface.
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should have occurred in the vicinity of the strain gages on the ster-
nal portion of the shaft. The general prediction that—given the load
conditions, rib curvature, and rib shaft dimensions—failure would
occur in the vicinity of midshaft is borne out in the remaining
specimens. In all but one case (specimen 8), a reasonably precise
(c. 5 mm) fit of predicted versus actual site of fracture was
observed.

With the exception of specimen 1, the theoretical stress values
suggest that the measured strains should be between about 1.3 and
nearly five times larger at the sternal shaft gages in comparison
with the gages located at the angle (Table 2). In fact, the outer ster-
nal shaft tensile strains (�1) are universally larger than the outer
angle strains by factors ranging from 1.2 to 13.5, and on inner sur-
faces the ratio of shaft to angle compressive strain (�2) ranges from
1 to 9.8 (Table 3). Thus, there is substantial disparity between rela-
tive theoretical stress magnitudes and observed strain magnitudes.

Under the load case applied, it is also expected that the ratio of
maximum to minimum principal strain (�1 ⁄ �2) will be greater than
unity on parietal surfaces and below unity on visceral surfaces. This
is observed across all specimens, despite a large amount of inter-
individual variation. The direction of maximum principal strain was
similarly variable across the sample (Fig. 3), although the overall
distribution of these orientations is consistent with what is expected
from a bending load of the type applied. There are several observa-
tions of very large strains along the sternal shaft, including one
case (specimen 8) in which tensile strains on the outer shaft exceed
published yield strain values for bone (5). In addition, nonlinear
changes in load with increasing displacement were observed prior
to failure in several ribs (specimens 3, 4, 5, 8). This, in addition to
the observation of large strains noted above, suggests plastic defor-
mation of specimens was occurring well before local fracture was
observed and experiments terminated.

Discussion

The load conditions applied generally produced similar results in
terms of fracture location, as the sternal portion of the midshaft
presented as the site of failure in each specimen. The overall failure
to predict the exact location of fracture is not particularly surprising
given the simplifying assumptions of structural and tissue homoge-
neity that were used to formulate theoretical predictions. Empiri-
cally speaking, however, it appears reasonable to conclude that
despite idiosyncratic variation in the sample, similar load conditions
can be expected to entail comparable fracture locations in ‘‘typical’’
ribs (i.e., ribs 4–9).

Predicting the mode of fracture is more problematic, as the sam-
ple was characterized by transverse, spiral, butterfly, and buckle
fractures. Among the transverse category, both complete and

incomplete fractures were observed. Under the intended loading
condition (longitudinal bending in the rib’s plane of curvature),
conventional wisdom holds that—given bone’s relative weakness in
tension—fracture would commence along the tensile surface (in
this case, the outer or parietal rib face). In the case of the incom-
plete transverse fractures this is clearly what happened, and we
may infer this to have occurred in the complete transverse fractures
as well. In two of the specimens with incomplete transverse frac-
tures, the fracture lines terminated on the visceral rib face traveling
in a more oblique direction, possibly indicating incipient failure
along lines of shear. Butterfly fractures represent failure in bending
that initiates in tension and as the original compressive surface is
encountered, the fracture surface splits and follows planes of shear
(5). In the present study, the single butterfly fracture observed
presented on the parietal face; i.e., the putative tensile surface.
What this probably represents is an unintentionally complex loading
situation where the bending moment was not directed purely
perpendicular to the visceral and parietal rib faces, but eccentric to
them. The observation of a spiral fracture may represent yet
another source of load encountered. Spiral fractures are typically
associated with twisting (torsional) loads, in which the lines of
tension on bone surfaces follows a sigmoid pattern at roughly 45�
to the bone long axis. The spiral fracture represents failure along
these tension lines. It is quite possible that end-loading a rib can
impose torsion in addition to bending, if the curvature of the speci-
men is such that the plane of curvature of the specimen is not

TABLE 3—Strains at failure.

Specimen �1 (l�) �2 c angle �1 �1 ⁄ �2 Yield Load (N)

Outer Angle
1 2735 )803 3538 34.3 )3.406 )85.06
3 2331 )1074 3405 72.5 )2.170 )92.47
4 707 )378 1085 53.1 )1.870 )37.73
5 4384 )1743 6127 38.1 )2.515 )47.06
6 638 )345 983 42 )1.849 )19.14
7 1500 )453 1953 33.8 )3.311 )29.20
8 3436 )1350 4786 39.2 )2.545 )65.92

Inner Angle

1 )2250 )2330 80 )86.4 0.966 )85.06
3 1108 )3461 4569 8.8 )0.320 )92.47
4 866 )1391 2257 )61.2 )0.623 )37.73
5 1988 )4352 6340 )44.3 )0.457 )47.06
6 98 )543 641 )62.9 )0.180 )19.14
7 277 )1395 1672 )21.2 )0.199 )29.20
8 2232 )4758 6990 )58.6 )0.469 )65.92

Inner Shaft

1 887 )3434 4321 )30.6 )0.258 )85.06
3 3373 )8070 11443 )53.3 )0.418 )92.47
4 624 )2726 3350 )40.7 )0.229 )37.73
5 1547 )4325 5872 28.5 )0.358 )47.06
6 1208 )5299 6507 )47 )0.228 )19.14
7 2155 )9049 11204 )35.7 )0.238 )29.20
8 4035 )9785 13820 )60.6 )0.412 )65.92

Outer Shaft

1 6278 )2091 8362 29.9 )3.002 )85.06
3 7400 )3381 10781 37.6 )2.189 )92.47
4 2804 )1268 4072 51.7 )2.211 )37.73
5 5315 )1796 7111 )44.3 )2.959 )47.06
6 8617 )2459 11076 56.2 )3.504 )19.14
7 9043 )855 9898 37.1 )10.577 )29.20
8 16076 )5839 21915 21.9 )2.753 )65.92

TABLE 2—Theoretical stress magnitudes.

Specimen Breaking Stress Shaft Stress Angle Stress

1 78.5 20.9 49.3
3 92.2 72.6 30.1
4 93.5 54.7 11.1
5 48.6 48.2 38.0
6 32.7 37.0 8.8
7 64.2 84.1 22.6
8 149.7 94.3 54.6

Units in MPa. Stresses were calculated based on the common flexural
formula (see text), and are based on the load at failure. Shaft and angle
stresses are calculated at respective strain gage sites. Breaking stress is esti-
mated at the site of failure. All calculations assume that the ribs are solid
structures.
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coincident with the applied load. The evidence for this can be
assessed with reference to the direction of maximum principal
strain recorded during experiments (Fig. 3). If the desired effect of
bending is accomplished, these directions ought to be aligned longi-
tudinally on parietal surfaces and transversely along visceral sur-
faces. Principal strain directions that are obliquely disposed with
respect to the specimen long axis (and orthogonal to one another
between parietal and visceral faces) are likely indicative of some
degree of torsional superimposition as well. By and large, the prin-
cipal strain directions conform to the expectation that the ribs were
primarily bent, rather than twisted, during experiments. Specifically,
there is no evidence that the specimen exhibiting the spiral fracture
was twisted any more or less than other individuals.

If, in fact, the desired control of load conditions was achieved in
these experiments, the question arises as to why such an array of
fracture patterns was observed. The obvious culprit is specimen
variation, but whether subtle differences in specimen geometry,
bone density and stiffness are implicated is difficult to tease apart.
The gradual imposition of load on the specimens has no doubt
influenced the results, as a high-impact version of these same
experiments could be expected to produce comminuted fractures
(5). What was established in these experiments was that the incom-
plete fractures produced in vivo (1,2) could be reproduced in vitro.
The observation of both complete and incomplete fractures among
our sample indicates that rib elements can fail in brittle or ductile
fashion, which points to significant differences in stiffness and
toughness among specimens. This intrinsic variation will compli-
cate efforts to effectively relate fracture patterns to specific trau-
matic events.

The single case of a buckle fracture deserves further comment, if
for no other reason than forensic anthropologists have inquired as
to its etiology given the compressive strength that characterizes
bone tissue, and because this type of fracture has been observed in

samples subjected to blunt trauma (1,2). The buckle fracture is
characterized as a localized failure in compression, often (as in our
observed case) without any visible cracks. Buckling is expected in
cases where a load is imposed on a very thin-walled structure and
any local weakness precipitates failure. Although the material from
which the structure is made is not irrelevant, buckling is primarily
a structural issue of specimen geometry (3).

This observation alone is sufficient to question the validity of the
stress analysis approach used here (referred to as beam theory, the
analysis of structures under bending), as such an analysis implicitly
assumes that buckling is not among the failure possibilities for the
problem involved. The stress analysis also assumes elastic behavior;
that is, stress and strain remain linearly related throughout an
experiment, and that plastic (nonrecoverable) deformation is not
occurring. Yet it is likely that significant plastic deformation
preceded fracture in several experiments. For example, maximum
principal strain in specimen 8 was 16,000 l� at the outer shaft prior
to failure. Given yield strain of around 9000 l� for bone of various
stiffness values, this specimen had become structurally compro-
mised well before fracture was observed (Fig. 4). This observation
is problematic from an analytical standpoint as proportional rela-
tionships between stress and strain can no longer be assumed.

Of particular interest are the strain magnitudes recorded at the
gages closest to failure sites (outer surface of the shaft), which were
of comparable distance to the fracture sites across experiments. An
over 5-fold difference in principal and shear strains is observed at
outer shaft gage sites across these experiments at the moment of
failure. While this does not necessarily indicate equivalent differ-
ence in strain at the fracture site, it nevertheless suggests substantial
differences in specimen stiffness, toughness, and probably strength
(Table 2, Fig. 5). If this sample mirrors population variation even
approximately, it suggests that behavior of ribs will be difficult to
summarize via general biomechanical models. One of several possi-
ble culprits for the disparate results is the effects of age—an

FIG. 4—The relationship of load magnitude to tensile strain magnitude
on the sternal shaft of specimen no. 8. The disproportionate increase in
strain with load is indicative of plastic deformation of the specimen prior to
failure. This interpretation is also supported by the measurement of strains
in excess of 16,000 l� at the time of failure, as this figure is over 50%
greater than estimates of yield strain in cortical bone. Such high strains in
sternal regions compared to those observed in the vicinity of the rib angle
indicate greater energy absorption capacity in the bone tissue in the sternal
shaft.

FIG. 3—Schematic depiction of principal strain orientation and its varia-
tion across experiments. Sternal is to the left, vertebral end is to the right.
Solid arrows represent principal strain direction on the outer (parietal) rib
surface; dashed arrows represent principal strain direction on the inner
(visceral) rib surface (as viewed from the parietal perspective). Arrows
represent extrema of principal strain orientation; dotted lines joining
arrowheads define the included range of variation. As depiction of local
curvature is not provided, the perspective at each strain gage site should be
interpreted as tangent to the bone surface at that location. Under the
intended bending load in experiments, the expected orientation of maximum
principal strain is longitudinal (i.e., parallel to the rib long axis) on the
outer surface, and perpendicular to the rib long axis on the inner surface.
Departures from this expected pattern can be attributed to (i) superimposi-
tion of twisting loads on the bending loads, and ⁄ or (ii) anisotropic material
properties of the bone (i.e., analogous to the concept of ‘‘grain’’ in wood),
which can cause principal stress and strain directions to diverge.
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uncontrolled variable in this study—which could have contributed
to large individual differences in porosity and mineralization. Indi-
vidual differences in brittleness may result.

A further indication that the theoretical modeling approach is
inadequate concerns the disparity of stress estimates for the actual
fracture sites (Table 2). If bone tissue is similar from rib to rib, we
should be seeing values broadly congruent with one another. The
calculated failure stress ranges from 33 to 150 MPa, which indi-
cates these theoretical values are not very reliable. Estimates for
the breaking stress of cortical bone vary depending on the loading
context and the bone element, but in bending a failure stress of
200 MPa is reasonable (5). What is apparently a consistent under-
estimation of failure stress stems from at least two factors: (i) our
use of rehydrated dry specimens (9) and (ii) our simplifying
assumption that treats the ribs as solid sections of elliptical geome-
try. While incorporation of cortical thickness into an ellipse model
would bring predicted stresses closer to the 200 MPa target, we
would still observe an unacceptably large range of estimates across
experiments. Changes in bone stiffness and shaft size and shape
along the rib shaft violate the assumptions of homogeneity and
prismatic structure to the point that the calculated stresses are not
congruent with actual stresses created during experiments.

Thus, there is inconsistency in both the theoretical stresses and the
observed strains at the time of structural failure, but because stress is
a unit load and strain is a proportional measure of deformation, the
expectation is that measures of both should be fairly similar from
specimen to specimen. Several variables contribute to this departure
from expectation, but the fact that the ribs yielded prior to macro-
scopic fracture suggests that our assumption of elastic behavior in
calculating stress is simply invalid in this case. Explaining the large

discrepancies in strains measured at failure is more challenging, but
the assumption that breaking strains should be comparable among
the sample is premised on the ribs being free of local defects, and
such unseen points of weakness may dictate—to some unknown
degree—both the mode and precise location of fracture.

Of course, more sophisticated models can be developed for esti-
mating stress and strength of ribs (17), but these are time- and
resource-intensive and require precise measurement of both material
and structural properties. Such an approach is impractical and even
undesirable when the purpose of the model is to be able to general-
ize about the context of fracture based on a few easily measured
variables. For this reason, our view is that application of experi-
mental, rather than computational or theoretical, approaches be
utilized for associating rib fractures with specific physical events.
Thus, while the recommendation of Love and Symes (2) that struc-
tural and material criteria are important in understanding fracture in
forensic contexts is sound, it is important to recognize that
advances in bone fracture mechanics are currently driven by experi-
mental data (18,19).

The strain data from our experiments suggest that the mechanical
properties of rib bone are regionally variable. Specifically, it would
appear that the anterior rib shaft is more compliant than the poster-
ior shaft in the vicinity of the angle. This is no doubt due in part
to the low stiffness of the anterior rib cross-sections under the load
examined, but Cormier’s experimental data also indicate that the
bone tissue itself here is relatively compliant, and weaker (13).
There is an advantage conferred by this compliance, however, in
that the anterior rib shaft is probably capable of more energy
absorption prior to failure (Fig. 5, the area under the stress–strain
curve is proportional to toughness at a given location). This might
explain observations related to dynamic impacts, where the
‘‘strong’’ areas of the rib can fracture while the weaker anterior
shaft remains intact (2).

In the case of the clinical observation of ‘‘flail chest,’’ traumatic
thoracic compression produces fractures at both the angle and ster-
nal shaft in individual ribs. This observation prompts a necessary
caveat that the mechanical environment of single bone failure may
differ substantially from bone behavior in vivo. Eventually, infer-
ences drawn from the data of this and other (1,2) studies should be
tested in intact cadavers in which in vivo conditions of trauma can
be more closely approximated. This will be particularly important
for understanding the etiology of brittle (complete) versus ductile
(incomplete) rib fracture. The degree to which mechanical testing
of individual rib elements can be extrapolated to understanding
in vivo failure of ribs—where the thorax is behaving as a compos-
ite structure—remains an open question. Our experiments were,
however, able to replicate fracture patterns that are recovered from
forensic contexts. These experiments also suggest that similar load-
ing events can produce consistent locations of bone failure even
though the mode of fracture is variable.

Conclusion

In vitro tests of human ribs were conducted to evaluate whether rib
fracture patterns would be consistent under controlled loading condi-
tions, despite idiosyncratic variation in rib morphology. While the site
of fracture was fairly consistent throughout experiments, the mode of
fracture was remarkably variable. A simple beam model to calculate
site of fracture based on stress magnitude appears to be unsuitable for
both empirical and theoretical reasons. Validation of models of rib
fracture will require a large experimental foundation.

Human ribs may undergo considerable plastic deformation prior
to complete structural failure. Our experiments indirectly support

FIG. 5—Hypothesized stress-strain curves of the outer rib shaft in seven
experiments. The strain at failure is plotted against the hypothesized stress
using the common flexural formula. The slopes of the lines from the begin-
ning of experiments (stress and strain both zero) until the failure point pro-
vides a stiffness estimate in each specimen. The area enclosed by each
triangle is proportional to the strain energy stored prior to failure. The dif-
ferences observed cannot be ascribed to differences in specimen size; the
stresses are normalized loads and the strains are proportional and not abso-
lute deformations. The graph assumes perfectly elastic behavior of the ribs
under load; however, we observed departures from a linear stress-strain
relationship in several instances.
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previous data (13) that the anterior rib shafts are less stiff and less
strong than the posterior regions of the same element. Because the
reduced stiffness probably enhances energy absorption capacity in
the anterior shaft, rib fractures can potentially occur in regions that
are comparatively ‘‘strong’’ by standard biomechanical measures.
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