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Abstract
Introduction The effect of impact tool geometry and soft material covering on bone fracture patterns plays a major role in
fracture patterns. However, the literature is nearly void of such
studies and only general correlations between the fracture pattern and the mechanism underlying the insult were reported.
Purpose Theaim ofthisstudy istorevealtheassociationbetween
the geometry of the impact tool and the presence of soft material
covering on bone fracture patterns. The Dynatup Model POE
2000 (Instron Co.) low energy pendulum impact machine was
utilized to apply impact loading on fresh pig femoral bones
(n = 50). The bone clamp shaft was adjusted to position the bone
for three-point bending with additional bone compression simulating a situation occurring in pedestrian road traffic accidents.
Five different tests using varying impact tool sizes with and without soft interface covering were carried out.

Results A significant positive correlation was found between
the fracture features and the impact tool’s geometry. Only bones
that were damaged by a rounded impact body result in a Bfalse^
butterfly fragment; in all other cases where the impact body is
flat and wide, double trapezoid fragments are observed in the
area of impact. The impacted aspect is the most affected. All
fracture line features were significantly greater in bones subjected to an impact by tools without soft covering. With an
impact with soft covering, the impacted aspect exhibits numerous unique fracture lines and a fragmented pattern. Our study
clearly shows that impact tool geometry and soft material covering markedly affect the fracture pattern.
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Covering . Bone
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Introduction
Studies on fracture analysis in a forensic setting are of major
importance in reconstructing the cause and manner of death in
cases such as homicidal assault, suicide, falls, child abuse, and
road traffic accidents. Accurate fracture interpretation is an objective and essential means of identifying the location and number of impact sites, establishing the sequence of blows, and determining the characteristics of the object that inflicted the injuries [3, 12]. There are many factors, intrinsic and extrinsic, that
may affect the fracture pattern and its severity. Two such important environmental factors are soft tissues around the bone and
impact geometry [9]. Tissues surrounding bone, including muscles, tendons, ligaments, fat, and skin can affect the fracture
pattern by absorbing some of the load energy and also by creating an additional load [4]. Kress et al. (1995) [6] noted that intact
leg impacts promote more comminution-type fractures than do
bare bone impacts. They claimed that the impactor continues to
impart energy on the intact leg bones. This is due to the containment provided by the surrounding soft tissue and the inertial
constraints of the foot mass and upper leg/body components.
This wrap-around effect results in increased comminution as
the specimen stretches around the impactor [6]. In 1880,
Messerer tested 500 bones from 90 cadavers of both sexes and
various ages and found that the cracking or tearing of the bone
generally occurred on the convex (tension) side and that the
crushing occurred on the concave (compression) side of the bone
[7] (cited from Kress et al. 1995). However, the impactor shape
was not specified for most of the setups in either review. Kress
et al. (1995) reported no appreciable differences in the injury’s
severity and the fracture patterns associated with cylindrical impactor radius changes ranging from 1 to 4 in. [6]. One of the most
detailed discussions of tibial impact, including impactor weight,
size, direction, and velocity was reported by Nyquist et al. in
1986, but the information regarding fracture patterns was very
general and meager [8]. To date, only a few studies have examined the association between the size and geometry of the impact,
and the presence of soft material covering, and the fracture pattern and the injury’s severity. Currently, there is no single study
that has tested the morphological characteristics of fractures, e.g.,
their general morphology and the lengths and number of fracture
lines relative to the size and geometry of the force applied and the
presence of soft material covering. Understanding the association
between the force properties and the pattern of the fracture may
furnish us with the requisite information for reconstructing the
mechanism underlying the insult in a forensic framework.

Fig. 1: Instron POE 2000 pendulum machine used in the current study

Materials and methods
Experimental setup: The Dynatup Model POE 2000 (Instron
Co.) low energy pendulum impact machine, shown in Fig. 1, was
utilized to apply impact loading on pig femoral bones. In addition,
custom-made supports for holding each bone in place during loading were fabricated. The clamp shaft was designed to support the
bone while the impact load was oriented perpendicular to the longitudinal axis of the bone (Fig. 2). The bone clamp shaft was adjusted to position the bone for three-point bending with additional
bone compression, simulating body weight on a leg (as in a standing position). Thecompressionforces(inrelationto thelong axisof
the bone) were generated by moving the clamp plates located at the
edges of the bone; the exact extent of compression forces was
adjusted and monitored using the tension compression load cell
(Vishay Tedea-Huntleigh 615) and a digital monitor (Rinstrum
310). Two adjustable supports allow the inner loading span along
the bone shaft to be altered, depending on the bone size (Fig. 2).

Objective of the study
The objective of the study was to reveal the association between the geometry of the impact tool and the presence of soft
material covering on bone fracture pattern.

Fig. 2: Bone clamp device. Note that the bone epiphyses are embedded
in solid polyester
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Preparation of bones: Fresh femora of young pigs (5–6 months
old) were exposed to the impact. Juvenile bones were selected for
this study since road traffic injuries are the leading cause of death
worldwide among young people aged 10–24 including pedestrians, cyclists, motorcyclists, and those using public transport
(World Health Organization) [14]. The similarities between pig
and human bones, mainly with regard to their shape, microstructure (i.e., Haversian system) [5], and density [1], make pigs an
excellent model for determining human bone mass and strength
[10]. Immature pigs at their early stage of development manifest a
plexiform bone structure (a type of primary bone tissue).
However, by the age of 5–6 months, most of the cortical bone is
of the Haversian type, as in humans. The pig bones were fresh
(obtained onthe day ofslaughterfrom an abattoir)andwerenearly
clean. The specimen preparation included careful separation of
the remnant muscles and all other soft tissues from the bones,
including the periosteum. All bones were visually examined for
macroscopic defects, skeletal diseases, or pre-fractures, and later
were stored frozen at −20 °C until testing. The bones were labeled,
and their length and mid-shaft dimensions were measured. In
order to hold the bones stable in the compression clamps so that
compression forces could be applied on all articular areas, the
bones’ epiphyses were embedded in transparent polyester resin
(Erco E-16®). Before the coating process, the bones were thawed
with water at room temperature and stored in a water tank during
processing. Four drops of accelerator solution and 3 ml of hardener solution were inserted into a small plastic container containing 120 ml of liquid transparent polyester in order to prepare the
polyester solution (the plastic containers were covered on the
inside with a thin layer of Vaseline in order to prevent the polyester
from sticking). The bones were inserted into the empty plastic
container with their longitudinal axis perpendicular to the base
of the container and handled in a fume hood, using a stable handle.
In ordertocoverthedistalepiphysiswithpolyester, in all testsboth
condyles were set to meet the bottom of the plastic container
(leveling process); theplastic containerswere leveled horizontally
using a simple level bar. Following the leveling process, the polyester solution was poured into a plastic container and left for
30 min until drying and cooling were complete.
Testing procedures: All bones were laterally fractured in a
three-point bending loading test with an additional compression
configuration under wet conditions. The inner loading span was
adjusted to be consistently 8 cm. The compression force applied
along the long bone axis through the clamps was adjusted to be
consistently 25 kg (assuming an equal compression force on
each leg of a 50 kg subject). The bones were set in the compression clamp with their longitudinal axis perpendicular to the
pendulum movement. The tup of the pendulum (impact body),
made of stainless steel, was adjusted to meet the bone in its midspan point (the center of the bone). The longitudinal axis of the
tup was oriented perpendicular to the longitudinal axis of the
bone, creating a contact-point impact. The energy of the
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pendulum (in Joules) was calculated based on its potential energy at the initial height where the pendulum was elevated:
E p ¼ mgh

ð1Þ

M is the mass (kgm), g (9.81 m/s2) is the gravity acceleration,
and h (m) is the height from which the pendulum was released.
The mass (m) and the pendulum height (h) in Eq. 1 were
calculated by
W ¼ mg
h ¼ Lð1−sinð90−θÞÞ

ð2Þ

W is the weight of the body mass, L is the length of the
pendulum arm, and is the angle of the body mass elevation.
The velocity at the impact was calculated by assuming that all
the potential energy was transferred into kinetic energy. That is,
mgh ¼

1 2
mv
2

ð3Þ

The tests: In order to reveal the association between the fracture pattern and the geometry of the impact tool, four different
tests using variant tup sizes were carried out (tests 1, 2, 4, and
5). Since the surface of the bone is irregular, the tup was
covered with a soft interface (synthetic Neoprene rubber,
1.7 mm in thickness) to maximize the contact surface of the
bone with the varying size of the tup. In order to reveal the
effect of the soft material covering on the fracture pattern, ten

Fig. 3: Major characteristics of the fracture pattern: longitudinal (a) and
transverse line (b); point of impact (c); oblique line (d); polygon shape (e),
branching points ( f ); curvature index (g)
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bones were fractured without a soft interface (test 3). All tests
were conducted under 3.47 m/s velocity impact (ten bones in
each group). The following five tests were applied:

The following dependent variables were measured following the testing:
1. Fracture lines: any fracture line longer than 1 cm was
counted. Fracture lines may appear in different forms:
longitudinal, oblique, transverse, or polygonal (see below
for more details). For each test, the following parameters
regarding fracture lines were determined: present or not,
their number, locations of the fracture lines, and their total
length (mm). Fracture lines were defined by the
following:

Test 1: rounded tup without a soft interface.
Test 2: 10-mm tup size with a soft interface.
Test 3: 10-mm tup size without a soft interface.
Test 4: 20-mm tup size with a soft interface.
Test 5: 40-mm tup size with a soft interface.
The following independent variables were measured either
prior or following the testing:

(a) Longitudinal lines: straight lines running proximally or
distally toward the epiphysis. The longitudinal lines may
appear in all aspects of the bone, but usually they appear
in the area of impact (C-longitudinal line), in the contralateral aspect (CL-longitudinal line), or in both aspects.
Related observations and measurements include the presence, number, and location (Fig. 3a).
(b) Oblique lines: fracture lines running at an angle to the
long axis of the bone. Oblique lines usually run proximally or distally toward the epiphysis and to other
aspects of the bone. Although continuous in all bone
aspects, oblique lines appeared (e.g., three-dimensional); for morphological description purposes, oblique
fracture lines were defined as such in each aspect of
the bone (anterior, posterior, medial, and lateral)
(Figs. 3a, b).
(c) Polygonal: these lines were defined as an area on the
bone that was encircled by two oblique lines. One line
runs proximally and one distally from the area of impact,
usually toward the contralateral aspect. Related observations and measurements include the presence, number,
location, and length (mm) (Fig. 3a).
(d) Transverse line: a horizontal line fully encircles the diaphysis. It appears either straight or fractured. It is recorded either as present or absent (Fig. 3a).

1. Bone maximum length: the maximum length between
the head of the femur and the condyles. This variable
was measured prior to testing.
2. Cross-sectional dimensions at the impact point: the dimensions were needed for determining the effect of the
bending moment of inertia on the fracture pattern and were
measured using a digital caliper. The external lateralmedial and anterior-posterior dimensions were measured
prior to testing and the cortical bone thickness was measured following the testing. The lateral-medial dimensions
were significantly higher (4%; p < 0.001) than the anteriorposterior dimensions; hence, the moment of inertia of a tube
in bending was considered based on the lateral-medial dimensions only (the impact direction) as follows:

π d 4E −d 4I
I¼
ð4Þ
64
dE = External lateral-medial diameter
dI = Internal lateral-medial diameter

dI ¼ dE − ti þ t j
ti = Thickness of the lateral cortex
tj = Thickness of the medial cortex
Table 1: Fracture features under
different impact (tup) geometry
(tests 2, 4, and 5)

Measurements

Bone length (mm)
Number of fracture lines
Fracture line (polygon)
length (mm)
Curvature index
Distance between branching
points (mm)

Test 2 (T2)
(tup = 10 mm)

Test 4 (T4)
(tup = 20 mm)

Test 5 (T5)
(tup = 40 mm)

Mean

±SD

Mean

±SD

Mean

±SD

193.9
7.20
409.3

10.7
1.75
80.8

196.4
10.0
491.6

10.2
2.4
40.0

194.6
12.6
525.8

13.9
1.9
34.9

0.880 A
T2 vs. T5 K
T2 vs. T5 A

35.3

8.4

46.8

9.0

53.0

10.0

T2 vs. T5 K

8.1

T2 vs. T4 K
0.350 A

19

12.8

K Kruskal-Wallis test, A one-way ANOVA test
*Statistical significant at p < 0.05 (marked in bold)

22

12.7

39

p value*
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(e) Curvature index: the number of times the fracture line
deviates from its course (Fig. 3c).
(f) Branching points: a point along a longitudinal line
from which two oblique lines branched out. Related
measurements include the length between the
branching points (mm) (Fig. 3b).
Bone preparation for analysis of the fracture lines: posttest procedure: The cleaning process consisted of 5 h of
boiling in water with detergent, 20 min soaking in 35% hydrogen peroxide, and 10 min rinsing with water (before the
cleaning process, all of the polyester coating was removed).
All bone fragments were placed on blotting paper and allowed
to dry for 24 h. Following the cleaning and drying processes,
all bony fragments were reassembled to form a complete bone
using UHU adhesive.
Analysis of fracture lines: The fracture lines were quantitatively analyzed by measuring their length using Microscribe®
G2X 3D digitizers directly on the reassembled bones. The X,
Y, and Z coordinates of the deviation points along each segment of the fracture line were obtained. The length between
each pair of points was calculated by the 3D Pythagoras theorem. The total fracture line length was the sum of the lengths
of the segments.
Statistics: The statistical analysis was carried out using SPSS
V15. Descriptive statistics were applied on all data. An
Table 2:

ANOVA test was applied to analyze the differences between
the group means. A Student’s t test was applied to detect
significant differences in the parameters’ means between two
groups. A chi-squared test was applied to reveal associations
between categorical variables. A Kruskal-Wallis test was applied to evaluate between-group differences in non-parametric
variables. The p value was set to p < 0.05.

Results
The association between fracture patterns and different
impact geometries
This study describes and analyzes fracture patterns in two
modes: qualitative and quantitative. Since the bone shaft is cylindrical in shape, all four aspects of the bone: anterior, posterior,
lateral, and medial are discussed. Although interesting, the direction, propagation, and order of the fracture lines were not tested
at this stage of the research. Therefore, terms such as toward,
superiorly or downward, and continuation are used for morphological description purposes only. In the quantitative mode, the
fracture measurements are summarized. In the qualitative mode,
schematic illustrations of the fracture patterns are presented for
each test. Mean values (±SD) of bone and fracture characteristics
relating to different tup sizes (tests 2, 4, and 5) are presented in
Table 1. The correlations between tup sizes, bone features, and
fracture features appear in Table 2. Significant differences were

Spearman correlation coefficients between tup size, bone features, and fracture features

Parameters

Tup size

Bone length

Cross-sectional moment
of inertia (mm4 )
Number of fracture lines

Fracture length

Curvature index

Number of fracture lines

Fracture length

Curvature index

Distance between
branching points (mm)

r
p value

0.744
<.001

0.712
<.001

0.687
<.001

0.272
0.146

N
r
p value
N
r
p value
N

30
−0.108
0.570
30
−0.304
0.131
26

30
0.474
0.008
30
0.231
0.257
26

30
−0.022
0.906
30
0.242
0.233
26

30
0.270
0.149
30
-0.024
0.907
26

r
p value
N
r
p value
N
r
p value
N

–
–
–
–
–
–
–
–
–

0.457
0.011
30
–
–
–
–
–
–

0.795
<.001
30
0.524
0.003
30
–
–
–

0.448
0.013
30
0.494
0.006
30
0.488
0.006
30

Statistical significance at p < 0.05 (marked in italics)
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Fig. 4: Schematic illustration of the fracture pattern of lateral impact
with rounded tup. The primary long oblique lines (long dashed lines =
) represent the four long oblique lines and the butterfly fracture on
the lateral aspect (POA proximal oblique anterior, POP proximal oblique
posterior, DOA distal oblique anterior, DOP distal oblique posterior).

Note the large missing fragment at the impact site, the incomplete T
line, and the secondary short radiating lines (short dashed lines =
). The oblique lines run posteriorly and anteriorly, eventually
forming two polygons: anterior polygon—dark gray ; posterior
polygon—light gray

found between all fracture features (number, length, and line
curvature) for different tup sizes. When the tup is 10 mm long,
the average number of fracture lines is 7.2. When a double-size
tup (20 mm) is used, the average number of fracture lines increases to 10, and 12.6 when a 40 mm-long tup is used (Table 1).
A significant high positive correlation was found between the
number of fracture lines and the tup size (r = 0.744) (Table 2).
With a 10-mm tup, the average length of a fracture line (polygonal fragment) is 409.3 mm. When a double-size tup (20 mm) is
used, the average length of a fracture line is 491.6 mm and it
increases to 525.8 mm when the longest tup is tested (40 mm).
These differences between the 10- and 40-mm tup groups are
significant (Table 1). A significant positive correlation was found
between the average length of fracture lines and the tup size
(r = 0.712) (Table 2). With a 10-mm tup, the average curvature

index is 35.3. When using a double-size tup (20 mm), the average curvature index increases to 46.8, and to 53 with a 40-mm
tup (Table 1). A significant positive correlation was found between the curvature index and the tup size (r = 0.687) (Table 2).
Schematic illustrations of the most common fracture pattern,
following a lateral impact with a round tup (impact body), and
with 20- and 40-mm-long tups, are shown in Fig. 8a–c. The
average length between branching points in bones, following
impact with a 10-mm tup, is 19 mm (Table 1). When the 40mm tup is used, the average length between the branching points
is almost doubled (39 mm). It is noteworthy that the size of the
tup (20 mm and 40 mm) is similar to the length between the
branching points (22 and 39 mm, respectively) (see Fig. 8b, c).
Significant positive correlations were found between some fracture features in these tests, namely, between the number of

Fig. 5: Schematic illustration of the fracture pattern resulting from lateral
impact with a 20-mm-wide tup and a soft interface. Note the primary
longitudinal line (C) passing through the impact point, the secondary
(additional) longitudinal line (adjacent to it), and the primary long
oblique lines (long dashed line =
) branching from the primary
longitudinal line, close to the impact point (POA proximal oblique

anterior, POP proximal oblique posterior, DOA distal oblique anterior,
DOP distal oblique posterior). The oblique lines run posteriorly and
anteriorly, eventually forming two large polygons: anterior polygon—
dark gray ; posterior polygon—light gray . The polygons’ coherence
is interrupted by many short and long radiating lines (short dashed lines =
) branching out from the oblique lines

Int J Legal Med (2017) 131:1011–1021
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Fig. 6: Schematic illustration of the fracture pattern resulting from lateral
impact with a 40-mm-wide tup and a soft interface when an incomplete T
line on the anterior aspect is formed. Note the long primary (C) and
secondary (additional) longitudinal lines and the primary long oblique
lines (long dashed line =
) branching from the primary
longitudinal line (C) at the point of impact (POA proximal oblique

anterior, POP proximal oblique posterior, DOA distal oblique anterior,
DOP distal oblique posterior). The oblique lines run posteriorly and
anteriorly, eventually forming two polygons: Posterior polygon—dark
gray ; anterior polygon—light gray . The polygons’ coherence is
interrupted by short and long radiating lines (short dashed lines =
) branching out from the oblique lines

fracture lines, the length of the fracture lines, and their curvature
index (Table 2). Significant positive correlations were also found
between the branching points in the area of impact and other
fracture features, i.e., the greater the distance between the
branching points, the greater the length and the curvature index
of the fracture lines. No correlations were found between the
bone’s cross-sectional moment of inertia and the fracture features. A significant positive correlation (r = 0.474) was found
between the bone length and the fracture line length (Table 2).
Schematic illustrations of the most common fracture pattern following a lateral impact with a round tup (impact body), and 20and 40-mm-long tups are shown in Figs. 4, 5, 6, and 7. In cases

of a flat impact body (20 and 40 mm), a longitudinal line is
present in the area of impact. The four oblique lines (POA,
POP, DOA, and DOP) branch from the distal and proximal ends
of the longitudinal line (but not from the same point) (see Figs. 5,
6, and 7). However, when a rounded impact body is used, this
longitudinal line is usually absent and the four oblique-radial
lines branch from the point of impact, creating a double Bfalse^
butterfly pattern (see Fig. 4). Hence, only bones that were damaged by a rounded impact body present a false butterfly fragment
(i.e., the apex and not the base is directed toward the impact site),
whereas in all other cases where the impact body is flat and wide,
double trapezoid fragments are present in the area of impact (the

Fig. 7: Schematic illustration of the fracture pattern of high-velocity
impact with a 40-mm-wide tup and a soft interface when the T line is
missing. Note the presence of the primary longitudinal line (C), the
secondary (additional) longitudinal lines, the primary long oblique lines
branching (long dashed line =
) at the endpoints of the impact area,
and the curved fracture line on the anterior aspect of the bone (POA

proximal oblique anterior, POP proximal oblique posterior, DOA distal
oblique anterior, DOP distal oblique posterior). The oblique lines run
posteriorly and anteriorly, eventually forming two polygons: Anterior
polygon—light gray ; posterior polygon—dark gray . The polygons’
coherence is interrupted by many short radiating lines (short dashed lines
=
) branching out from the oblique lines
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Fig. 8: a Schematic illustration of the impact area using a rounded tup.
The four oblique lines branch from a common point, creating a crossshaped pattern. b Schematic illustration of the impact area using a 20mm-wide rectangular-shaped tup. The four oblique lines branch from the
proximal and distal ends of a moderate sized longitudinal line. Note that

the distance between the points of branching (A and B) corresponds with
the tup size. c Schematic illustration of the impact area using a 40-mmwide rectangular-shaped tup. Note that the distance between the points of
branching (A and B) corresponds with the tup size

longitudinal line forms the small base of the trapezoid fragment)
(Fig. 8). When the lateral aspect of the bone was hit by a large
impact body (40 mm), the T line is usually missing; however,
other types of fracture lines appear between the two upper and
the two lower oblique lines, close to the epiphysis (see
BTriangular fragment^ in Fig. 7). In addition, the Badditional
longitudinal line^ is long, running from the proximal toward
the distal oblique line (see Fig. 7). If the T line is present, the
Badditional longitudinal line^ is short, running from the distal
oblique line toward the T line (see Fig. 6). Other differences also
appear on the anterior and posterior aspects of the bone. As the
size of the impact body increases, more radiating lines appear
between the oblique lines and the T line, if present, or between
the upper and lower oblique lines when the T line is absent.

impact body. The number and length of the fracture lines increase with the size of the impact body. The impacted aspect is
affected the most. The longitudinal line is longer in bones subjected to an impact with a larger impact body, and in most cases,
its length is similar to the size of the impact body. All four
oblique lines branch from both ends of the longitudinal line.
As the size of the impact body increases, the area of branching
is more fractured and is closer to the epiphyses. Double trapezoid
fragments are present, originating from the impacted aspect. The
size of the trapezoid fragment increases as the size of the impact
body increases. In bones that have been hit with a round impact
body, the longitudinal line is missing, and consequently, all four
oblique-radial lines emerge at the point of impact, creating a false
double butterfly configuration.

Summary

The effect of the soft material covering on the fracture
pattern

Significant differences were found among bones following impacts with differing sizes of impact bodies. In general, bones that
have been hit by a large impact body present a more complicated
fracture pattern over a larger area than do bones hit by a smaller

Mean values (±SD) of bone and fracture characteristics relating
to the effect of a soft (rubber) covering on the tup, obtained in
tests 2 and 3, appear in Table 3. All fracture line features, e.g.,
the number of fracture lines, the polygonal fragment length,

Table 3: Fracture features with
(test 2) and without (test 3) soft
covering of impact body
(tup = 10 mm)

Measurements

Bone length
Cross-sectional moment of inertia (mm4 )
Number of fracture lines
Polygon length (mm)
Curvature index
Distance between branching points (mm)

Test 2, with soft
covering

Test 3, without soft
covering

Mean

±SD

Mean

±SD

193.9
13,888
7.2
409.3
35.3
19.0

10.7
2423
1.7
80.9
8.4
12.8

198.3
16,154.9
10.5
528.1
53
25

8.7
4017.1
2.5
82.3
5.8
13.3

*t Test, statistically significant at p < 0.05 (marked in italics)

p value*

0.630
0.140
0.003
0.004
<0.001
0.620

Int J Legal Med (2017) 131:1011–1021
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Fig. 9: Schematic illustration of the fracture pattern of a lateral impact
with a 10-mm-long tup and a soft interface. Note that the primary long
oblique lines (long dashed line =
) meet at the medial aspect of the
bone (POA proximal oblique anterior, POP proximal oblique posterior,
DOA distal oblique anterior, DOP distal oblique posterior). The oblique

lines run posteriorly and anteriorly, eventually forming two polygons:
anterior polygon—light gray ; posterior polygon—dark gray . The
polygons’ coherence is interrupted by many short radiating lines (short
dashed lines =
) branching out from the oblique lines

and the curvature index were significantly greater in bones
subjected to impact by a tup without covering than in bones
subjected to an impact by a tup with a covering. No significant
differences were found between bones that were subjected to an
impact by a tup with or without covering in terms of the length
of the fracture line between the two branching points.
Schematic illustrations of the most common fracture pattern,
following a lateral impact with or without a covering of soft
material on the impact body, are shown in Figs. 9 and 10 (both
impacts were made by a 10-mm-long tup). In general, bones
subjected to an impact by an uncovered tup exhibit a more
fragmented pattern, including a greater number of longer fracture lines (mostly radiating) than the pattern shown by bones

subjected to an impact by a covered tup. In addition, the fracture lines in bones exposed to an impact by an uncovered tup
exhibit a higher degree of propagation, almost reaching the
metaphysis area near both epiphyses. Bones subjected to an
impact by a covered tup are less fragmented (e.g., they manifest
fewer and shorter fracture lines) than bones impacted by a
naked tup. Moreover, the area subjected to the impact by a
covered tup exhibits a markedly larger number of Bunique^
(= not appearing on other aspects of the bone) fracture lines
and is more fragmented compared with all other aspects of the
bone (Fig. 9). It is also more fragmented compared with this
area in bones impacted by an uncovered tup (Fig. 10). The
impact aspect in bones subjected to a blow upon a soft interface

Fig. 10: Schematic illustration of the fracture pattern of a lateral impact
with a 10-mm-wide tup without a soft interface. Note the curvy line lateral
to the primary longitudinal line (C). The primary long oblique lines (long
dashed line =
) (POA proximal oblique anterior, POP proximal
oblique posterior, DOA distal oblique anterior, DOP distal oblique
posterior) meet at the medial aspect of the bone to form two major

polygons: anterior polygon—light gray ; posterior polygon—dark
gray . Owing to the many radiating lines, the polygons seem
fragmented. The polygons’ coherence is interrupted by many short
) branching out from the
radiating lines (short dashed lines =
oblique lines
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is characterized by a long C-longitudinal line running from the
impact area superiorly toward the proximal epiphysis and two
short transverse lines running between the two upper (POA and
POP) and lower oblique-radial lines (DOA and DOP) (see
Fig. 9). The impact aspect in bones subjected to a blow upon
a rigid interface is characterized by two upper and lower
oblique-radial lines (POA, POP, DOA, and DOP) and a short
curved line located close to the anterior aspect and running
between the POA and DOA lines (see Fig. 10).

Discussion
The association between the fracture pattern and different
impact geometries
In a forensic context, the ability to distinguish between fracture
patterns following different impact geometries is of considerable importance. This information can assist in identifying the
type of vehicle and the vehicle part that struck the victim, in the
case of pedestrian road traffic accidents, or the type of instrument, in the case of a violent assault. According to statics theories, as the contact area of the applied force increases, the
maximal bending moment decreases. That is, the bending moment that dictates the stresses in a three-point bending stress is
higher immediately below the loading force (the maximal moment at this loading configuration), compared with a situation
where the same force is distributed over a larger area.
Therefore, bones subjected to a blow by a larger impact body
are more likely to display fewer fracture lines. However, our
test results revealed a positive association between the size of
the impact body and all fracture features, including the number
of long fracture lines. Moreover, a large impact body causes the
epiphyses to detach from the diaphysis, as seen in segmental
fractures [4]. In an examination of the distribution of the fracture lines in all bone aspects, significant changes can be observed mostly on the lateral impacted area. Notably, in the
midshaft area, the bone surface is flat and the cortical bone
thickness is at its maximum; moving proximally or distally,
the bone’s surface becomes more concave and its thickness is
gradually reduced (see Fig. 11). Consequently, when a long tup
(10, 20, and 40 mm) is used, there is only partial contact between the bone and the tup, mostly at two small points at the
upper and lower edges of the tup. When the impact meets the
bone (in particular, the superior edge), a large amount of energy
is delivered to the bone, mostly at these two points (where the
cortex is much thinner). The decrease in fragmentation in the
mid-diaphysis area (the absence of the T line) and the increase
in fragmentation close to the epiphyses (at the point of
branching between the oblique lines) in bones subjected to a
blow from a larger impact can be explained by this reduction in
cortical bone thickness in these areas. As compared with the
relatively thick mid-diaphysis cortical bone, the thinner and

Fig. 11: Longitudinal section through the femur of a young pig. Note the
considerable reduction in cortical bone thickness from the mid-diaphysis
area toward the epiphyses (denoted by red arrows) and the concave shape
of the bone’s lateral aspect. A, B, and C represent 10, 20, and 40 mm-wide
tups, respectively (color figure online)

brittle cortex close to the epiphyses permits easy dissipation
of the concentrated energy through a large number of fracture
lines, as shown by Shunmugasamy and colleagues [13].
Interestingly, they found that the greatest strength of a rabbit
femur is at the mid part of the diaphysis and that the strength
decreases gradually toward the distal and proximal epiphyses.

The effect of a soft material covering on the fracture
pattern
The soft covering was applied in order to simulate soft tissue on
the bones (e.g., muscle) or to simulate a soft impact body. In a
forensic context, the ability to distinguish between fracture patterns following an impact on bones covered by muscles or bare
bones can shed light on the location and direction of the impact.
The fracture pattern on the tibia is expected to be different
in the case of an impact on the lateral-anterior aspect, which is
covered and surrounded by a large group of muscles, as compared with an impact on the medial aspect, which is covered
only by a thin layer of periosteum and skin. This knowledge
can also help to identify the type of impactor, if it is in question
(e.g., a hammer made of rubber or metal), and to distinguish
between a perimortem fracture (in the case of violence or an

Fig. 12: Schematic illustrations of the stress development in the case of
an impact body covered by soft material. The soft covering adapts itself to
the shape of the bone, thus distributing the stress over a large area
(represented by short black arrows)
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fracture patterns, and finally, basic principles and practices that
can be used in future research.

Limitations of the study
Fig. 13: Schematic illustrations of the stress development in the case of
an uncovered rigid impact body. Note the small contact area between the
impact area and the bone; stress is limited to a very small area
(represented by long black arrows)

accident) and postmortem fractures (in the case of an impact
on dry bare bones).
The concentrated force of an impact with a stiff body interface was expected to produce a larger number of long fracture lines than would an impact upon a soft interface body.
This is because in the latter impact, the force is distributed
over a larger contact area [1, 2] and because some of the
energy created by the force is absorbed by the compressed
soft interface body [4] (see Fig. 12). In soft body interfaces,
the large contact area leads to reduced impact stress, which
spreads locally across the location of the impact. Overall, the
reduction in stress is manifested by shorter fracture lines with
decreased propagation (Fig. 12). The stiff body interface may
have produced more fracture propagation, resulting in an increased fracture line length, because of the smaller contact
area, resulting in higher impact stresses than when a soft interface is used [1, 2, 11] (see Fig. 13). In our study, this is
manifested by a more fragmented pattern, including a greater
number of fracture lines (mostly additional radiating lines) and
longer oblique-radial lines spreading equally to all aspects of
the bone. In cases of a blow upon a soft interface, the large
contact area and the reduced number of impact stresses create
a unique fragmented impacted aspect.

This study is sample-specific and further validation (an independent laboratory and sample) is required in order to develop
an appropriate prediction model for bones, in general, and human bones, in particular. For the sake of simplicity, bones were
impacted at mid-shaft. Other sites of impact may yield different
results. Finally, the setting itself affects the results, i.e., the
direction of impact simulated by the Instron apparatus was
applied perpendicular to the bone diaphysis; hence, different
impact directions might result in different fracture patterns.
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