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Abstract
Projectile impact in sandwich bones typically results in formation of conoidal wounds exhibiting a larger region of damage on the
inner cortical plate termed the bevel. To date, a number of hypotheses have been put forward to explain the formation of this wound
type. The plug and spall hypothesis suggests that the conoidal morphology is produced by a two-phase mechanism of shear plug
formation followed by internal bevel production during projectile exit. In contrast, the cone crack hypothesis suggests that such
wounds are produced by cone crack propagation through the three laminae of the sandwich bone, resulting in the formation of
bioceramic conoids consisting of all three bone laminae. In order to test these hypotheses, 28 non-human sandwich bones were
impacted with 6-mm carbon steel spheres at velocities ranging from 26 to 96 metres per second (m/s). Impacts were filmed
utilizing high-speed videography and fracture morphology analysed using micro-computerized tomography (μ-CT). Sequential
increase in velocity successfully captured the genesis of conoidal wounds. Low-velocity impact produced circular depressed
fractures in the outer cortex exhibiting angulated cortical fracture edges. An increase in velocity resulted in translaminar fracture
and production of one intact and three fragmentary bioceramic conoids. At the highest velocities, conoids were fragmented and lost
in the ejecta plume, with attached fragments undergoing dynamic movement during and after perforation. Significantly, projectile
exit was not required for bevel production. The implications of these findings in wound interpretation are discussed.
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Introduction

The conoidal fracture expressed in sandwich bones subse-
quent to projectile impact is an intriguing traumatic feature
upon which critical diagnostic and trajectory determinations
are based [1–4]. Morphologically, this wound type consists of
a conoidal wound volume bordered by a fracture edge through
all three layers of the sandwich bone, extending from the entry
point in the outer cortex and across the intervening trabeculae
to the inner cortical lamina [5]. Such conoidal fracture mor-
phology dictates that the region of missing bone in the inner
cortical lamina has a larger surface area than that missing from
the opposing cortical entry wound. The bony layers

composing this flaring, termed the internal bevel in entry
wounds and external bevel in exit wounds [1, 6], are rarely
formally defined; however, it is accepted that the conoidal
fracture extends in the direction of projectile travel and thus
indicates the entry or exit status of the wound [6, 7]. Further
diagnostic emphasis has been placed on the symmetry of the
bevel, with regions of bevel elongation considered to indicate
the trajectory of the projectile through the bone [2, 3, 8], al-
though full correlation between these variables has been dis-
puted [5, 9]. Despite the importance of such determinations in
forensic contexts, there is still no consensus in the literature as
to the mechanisms underlying formation of this conoidal
wound type, and multiple medicolegal cases have now dem-
onstrated that this feature is not unique to projectile impact
[10].

In material terms, bone is a bioceramic composite [11] with
hierarchical organization [12–14]. At the macroscopic level,
the sandwich bones of the neurocranium are constructed of
outer and inner layers of cortical bone separated by an inter-
vening trabecular layer of variable thickness, sometimes
termed the diploë [15]. Fractures through such a sandwich
bone may be confined to a single layer (intra-laminar), cross
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one or more layers (trans-laminar) or pass between layers
(inter-laminar, or delamination) [5]. These fractures may be
further classified according to mechanism; mode 1 failure in-
dicates a tensile, crack opening mode whilst mode 2 refers to
in-plane shear, which occurs in the absence of crack opening
[16].

For descriptive purposes, the current paper utilizes no-
menclature developed from the micro-computerized tomo-
graphic (μ-CT) analysis presented previously by the pres-
ent authors [5]. In this scheme (Fig. 2), a single conoidal
entry wound in a sandwich bone is considered to consist
of a cortical entry in the outer cortical layer and a cortical
exit in the inner cortical layer, the two encompassing the
upper and lower borders of an internal conoidal wound
volume. Entry cortical fracture edges form the walls of the
cortical entry whilst the cortical exit is bound by the walls
of the exit cortical fracture edge. The trabecular fracture
margin is formed by the free edges of fractured trabecu-
lae, and peripheral trabeculae are those trabeculae up to
3 mm peripheral to this margin. This entry cortical frac-
ture edge is typically angulated and the crack producing
this cortical fracture margin crosses with little to no devi-
ation across the trabeculae and into the inner cortex as a
t rans laminar f rac ture surface . Such cont inuous
translaminar fracture renders definition of the layers com-
posing the internal bevel an arbitrary process; however,
the present paper defines the internal bevel as a conoidal
wound volume encompassing the exit cortical fracture
edge and trabecular fracture margin.

The plug and spall hypothesis is the most widely cited
mechanism for production of this wound type, appearing
in multiple standard texts considering the subject of osse-
ous gunshot wounds [e.g. 3, 7, 17]. This hypothesis (see
Fig. 1) proposes that conoidal wound formation is a two-
phase process involving plug formation in the outer cortex
and then bevel production. In the first phase, projectile
impact shears a plug or disc of cortical bone from the
outer cortical layer [3, 18, 19] (Fig. 1a). This shear plug
is then theorized to move ahead of the projectile through
the sandwich structure (Fig. 1b), with some interpretations
also suggesting that fractured material accumulates ahead
of the projectile/plug combination [19]. In the second
phase, the internal bevel is believed to be formed by a
blow-out process involving fracture or Bspall^ around
the plug during projectile exit (Fig. 1c) [3, 7, 18], with
plug-induced shear through the trabeculae posited as a
specific mechanism for trabecular failure [4]. Kieser
et al. [19] utilized μ-CT to analyse wound cross-sections
and proposed that the resultant wound profile due to cor-
tical plug production was funnel shaped, with the neck of
the funnel in the external cortex (Fig. 1d). According to
the plug and spall hypothesis, the dominant fracture
mechanism is considered to be mode 2 (in-plane shear).

The plug and spall hypothesis, as described above, in-
volves several key assumptions:

1. Plug production through in-plane shear is independent of
projectile tip shape and construction, since conoidal
wounds are not restricted to certain projectile designs.

2. The disc of sheared bone does not fragment during transit
through the sandwich structure.

3. The projectile must pass through the trabeculae and then
exit the bone for the bevel to form

Fig. 1 The plug and spall hypothesis. a Projectile impact shears a plug of
cortical bone from the outer cortical layer. b Projectile and sheared plug
move through the trabecular layer, signified by hexagons; note cell
collapse and densification due to compressive stresses. c Projectile and
shear plug blast out the exit to produce the internal bevel. d Wound
volume profile in section as proposed by Keiser et al (2013); wound is
funnel shaped, with vertical neck in the outer cortex (dotted region) and
conoidal region through the trabecular layer and internal cortical layer
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Despite wide usage of this hypothesis, there appears to be
no published evidence supporting the role of a cortical plug in
wound formation. Shear plugging itself is sensitive to multiple
factors including target material characteristics, projectile tip
shape, velocity, and angle of impact [20], and thus it will not
occur with all impacts in a given material. Recognition of the
high-contact stresses developed during impact raises the ques-
tion as to how a shear plug could participate in perforation
without itself being destroyed during the impact event.
Analysis of high-speed footage of projectile exit through pig
sandwich bones has revealed no evidence for an intact disc of
cortical bone exiting ahead of the projectile [5]. Furthermore,
cross-sectional analysis has demonstrated that the bevel still
forms when it is shielded behind bone fragments retained on
the inner cortical plate, effectively ruling out bevel production
due to contact with a disc of cortical bone in those regions [5].

In an alternative hypothesis based upon a μ-CT and high-
speed video analysis (Fig. 2), Rickman and Shackel [5] pro-
posed that the conoidal wound in sandwich bones is produced
by cone crack formation under tension in the outer cortex; this
cone crack was then theorized to propagate through the tra-
becular lamina one cell width at a time before finally entering
the inner cortex. According to this scheme, the crack propa-
gates through the tri-laminar sandwich bone as if it were a
homogeneous solid, resulting in production of a conoidal
structure consisting of all three layers of the sandwich bone,
separated from the parent bone by the conoidal fracture, or
bevel. This tri-layered plug, or bioceramic conoid, would be
identical to the ceramic conoids produced during impact of

non-biogenic ceramics [21] but with the addition of a layer
of trabecular bone running between cortical plates.
Morphological evidence in support of the cone crack hypoth-
esis and bioceramic conoid formation at higher velocities in-
cluded angulation of the entry cortical fracture edges, apparent
trans-laminar fracture through the sandwich structure and
part-counterpart relationships between fragments of inner cor-
tical plate and the internal bevel. Unlike the plug and spall
theory, the cone crack hypothesis does not assume that pro-
jectile exit is required to produce the bevel. Rather, the bevel is
theorized to form at the moment of impact by a cone crack
propagating at the speed of sound through the material from
outer to inner cortical plates. Unlike the plug and spall theory,
the cone crack hypothesis suggests that the fracture driving
wound formation is primarily a crack opening, mode 1
(tensile) process.

A significant complication when studying plugs during
high-velocity impact arises from the fact that plug fragmenta-
tion in brittle materials occurs as little as 10 % beyond the
minimum perforation velocity [20]; accordingly, their possible
formation above this threshold must be inferred from residual
fracture morphology. At present, evidence of intact projectile-
induced bioceramic conoids in sandwich bones is limited to a
few reports in the archaeological and forensic literature of tri-
layered plugs that demonstrate part-counterpart relationships
with their parent bone [22–24]. However, whilst these valu-
able finds indicate that conoidal plugs can be produced during
at least some projectile impacts, it is not yet clear if their
production underlies the formation of all conoidal wounds.

1
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CF

Fig. 2 The cone crack hypothesis and formation of a tri-layered plug or
bioceramic conoid; projectile impact elicits cone crack formation under
tension in the outer cortical layer (horizontal double headed arrows); crack
then propagates under tension through the trabecular cells and through the
inner cortical layer (three arrows descending at right); nomenclature for

cross-sectional anatomy presented in [5]; 1, entry cortical fracture edge; 2,
trabecular fracture margin; 3, exit cortical fracture edge; 4, peripheral tra-
beculae; 5, cortical entry; 6, cortical exit; the bevel is here defined as the
trabecular fracture margin (2) and exit cortical fracture edge (3); intact
bioceramic conoid has a cortical roof (CR) and a cortical floor (CF)
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To date, no published accounts of their experimental forma-
tion could be identified and, accordingly, there is much to be
learned about how these structures form and about their pos-
sible wider role in conoidal wound formation in sandwich
bones.

An alternative approach to the study of crack propagation
from post-perforation fracture morphology is to utilize a series
of low-velocity increments in an attempt to capture crack
propagation through the depth of the structure. Although the
assumption that low- and high-velocity impacts elicit identical
fracture behaviours may not always be met due to both strain
rate and shock wave effects, this technique was successfully
utilized by Kieser et al [25] to capture the formation of butter-
fly fractures in deer femora, a fracture type typical of higher-
velocity impacts in long bone shafts. Significantly, these au-
thors also reported cone crack propagation in the compact
bone. Although informative footage of long bone projectile
perforation has been captured by high-speed videography
[26–28], visualization of fracture processes in sandwich bones
is currently limited to high-velocity tangential impacts to syn-
thetic analogues [29] and perpendicular impacts to pig scapu-
lae [5]. To further test the plug and spall and cone crack hy-
potheses, the present study utilizes a combination of μ-CTand
high-speed videography to capture crack propagation process-
es in non-human sandwich bones subjected to a series of in-
cremental low-velocity impacts between 25 m/s (metres per
second) and 100 m/s. Fracture processes are described and
their significance in relation to wound diagnosis and interpre-
tation is then discussed.

Methods

Adult domestic pig (Sus scrofa) scapulae derived from the
food chain were selected as proxies for human bones due to
the fact they exhibit bevelled wounds when subjected to bal-
listic impact. Specimens were prepared according to the
methods presented in [5]. In brief, only specimens with a layer
of soft tissue in the infraspinous fossa, which was selected due
to its larger size, were utilized. The glenoid, neck and spine
were removed using a band saw, as was a section of cartilage
on the anatomically dorsal surface. A target region of the
infraspinous fossa no less than 40mm from any edge was then
selected and marked. During impact, specimens were secured
in a specially constructed steel clamp that allowed full adjust-
ment for different specimen sizes (Fig. 3). All specimens were
impacted with the ventral region forming the apex, the broader
dorsal region forming the base and the infraspinous fossa fac-
ing outwards.

Surface-hardened 6-mm carbon steel spherical projectiles
(Atlas Ball and Bearings, UK) weighing 0.885 g were selected
to prevent yaw or deformation from influencing fracture be-
haviour. These projectiles were fired from a compressed air-

powered gas gun capable of achieving a velocity range of
approximately 25 to 150 m/s. In order to achieve desired in-
cident velocities for the 6-mm spheres, a calibration curve of
pressure versus velocity was created in a series of test shots.
During the bone impacts, a muzzle-target distance of 60 cm
was chosen to prevent discharged air from influencing fracture
processes.

Incident (pre-impact) velocity, residual (post-impact) ve-
locity and energy absorption values were determined by plac-
ing a PhantomV12 camera to the side of the specimens with a
scale in the image. Impact data was then calculated using the
Phantom Cine Viewer (Vision Research, Inc.); to allow for
variation in velocity measurements, projectile velocity was
taken as the mean of three velocity determinations for each
specimen. Assuming that energy is not utilized in projectile
deformation and that energy lost due to frictional heating is
minimal, energy absorption (ΔE) by the bone in joules (J) was
then determined using the following formula:

m v21−v22
� �

2

where m is the mass of the projectile in grams, V1 is the
incident velocity and V2 the residual velocity in metres per
second (m/s). In order to derive a standard deviation for the
individual energy absorption values, which were calculated
from the mean of three velocities, the error propagation for-
mula presented in Rickman and Shackel [5] was utilized.
Inner cortical plate behaviour was captured in all impacts
using a Phantom V12 12 camera facing the inner plate and
recording at 40,000 frames per second.

To determine velocities associated with internal crack for-
mation, initial tests were conducted with six specimens divid-
ed into three pairs with selected target velocities of 30 m/s,
40m/s and 50m/s. Actual achieved test velocities were 26m/s
and 29 m/s (group 1), 35 m/s and 37 m/s (group 2) and 47 m/s
and 49 m/s (group 3). μ-CTexamination revealed that internal

Fig. 3 Machined specimen mounted in adjustable clamping apparatus;
target area in the infraspinous fossa indicated by arrow
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cracking was restricted to the specimen impacted at 47 m/s;
accordingly, velocities above 50 m/s were selected for subse-
quent analysis. In the latter experiments, a more refined inter-
shot variation of 1–2 m/s was achieved by noting the velocity
of the first shot at each selected velocity; all subsequent shots
were then discharged with the same air pressure. Utilizing this
method, specimens were impacted between 54 and 55 m/s
(group 4), 57–58 m/s (group 5), 74–75 m/s (group 6) and
95–97 m/s (group 7). The number of specimens impacted
across these velocities is provided in Table 1. Following
Goldsmith [30], penetration was considered to occur if the
projectile rebounded and induced surface damage to the spec-
imen (including soft tissue) or if it embedded in the target;
perforation occurred if the projectile exited the sandwich
bone.

In order to remove the concealing effect of soft tissue when
observing fracture, soft tissue was dissected away from the
outer and inner cortical layers of six additional specimens.
Footage of entry and exit was then obtained by placing the
Phantom V12 12 camera at the rear of each specimen and the
Phantom V12 camera at the front; both cameras were then set
to record on the same trigger. Although lack of a camera
mounted to the side meant that incident velocities could not
be determined from imaging of the projectile, the calibration
curve allowed velocity estimation to within approximately 1–
2 m/s. Inner cortical plate behaviour during projectile re-
bound was captured using four specimens impacted at approx-
imately 57 m/s. To view the full perforation process at higher

velocity, two final specimens were impacted at approximately
150 m/s. Post-impact analysis revealed that a technical fault in
the trigger time of one camera had resulted in a variable delay
between front and rear footage, preventing full camera syn-
chronization; however, valuable data on fracture processes
was obtained.

Micro-computerized tomography

Specimens were wrapped in cling film, mounted in foam
blocks and held securely in place using tape. The impact area
of the fleshed specimens was identified and scanned in a
Nikon X-Tec XT H 225 scanner at 75 kV, 90 μA and 2.25
magnification, resulting in a voxel size of 89 μm. Scan data
was reconstructed using CT Pro 3D; the radius of reconstruc-
tionwas reduced from 100 to 95–90% in order to remove edge
artefacts produced by rotation of the flat plate around the
damage area. Reconstructed volumes were analysed in
VGStudeo MAX version 2.2 (Volume graphics, Germany).
The simple registration function was utilized to orientate spec-
imens across the middle of the screen with the cortical entry
facing upwards. Bone surfaces were identified using the sur-
face determination function. Distance and angle-measuring
tools were set to recognize and attach to the bone surface using
the snap to surface function, allowing precise placement of the
tool. The depth of depressed fractures at the impact location
was obtained by placing a line across the cortical entry and

Table 1 Summary data for n = 22 impact events; n = number of
specimens; velocities from 26 to 49 m/s were grouped into three pairs
of initial test shots with the velocity indicated; S, penetration of soft tissue
only; SB, penetration of soft tissue and bone; E, projectile embedded in
bone; EnCF, entry cortical fracture edge; absence of cracks or cracks that

were too small for accurate measurement in the longitudinal plane
resulted in the mean entry cortical fracture edge angle being determined
from the sample size indicated in parentheses (groups 4, 5 and 7); angle
range indicated in italics

Group Incident
velocity
(m/s) (n)

Penetration Perforation Ring crack/
compressed
cortical disc

Angulated entry
cortical fracture
edge

Tri-layered bioceramic
conoid (I, intact; F,
fragmentary)

Longitudinal plane;
mean apical EnCF
angle

Longitudinal
plane; mean basal
EnCF angle

1 26 (1) S – – – – – –

29 (1) S – – – – – –

2 35 (1) S – – – – – –

37 (1) S – – – – – –

3 47 (1) SB – 1 1 0 – –

49 (1) S – 0 0 0 – –

4 54–55 (3) 3 SB – 3 3 0 55.31 (2) 64.82 (2)

49.24–61.37 52.57–77.07

5 56–58 (6) 4 SB; 1 S 1 4 4 1 I 50.33 (3) 47.00

36.74–62.70 36.34–53.37

6 73–75 (3) – 3 3 3 3 F 45.94 39.42

44.17–48.97 27.28–49.34

7 94–96 (4) 2, E 2 – 4 0 44.44 53.05 (3)

31.19–57.99 31.98–70.28

Total 22 16 6 11 15 4
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then dropping a distance-measuring tool from this to the most
compressed region of cortex.

Cortical entry shape and bevel symmetry

Cortical entry shape was classed as circular, oval or irregular;
entries were further classed as circular-irregular or oval-
irregular if there was irregularity in part of their otherwise
symmetrical margin. Bevel symmetry was determined using
μ-CT scans in 3D view and by descending through the wound
to the exit cortical fracture edge (ExCF). Asymmetrical bevels
were defined as those presenting a deviation in the ExCF
resulting in a more pronounced bevel margin in one or more
areas; in symmetrical bevels, the ExCF showed no such
deviation.

Results

A total of 28 specimens were impacted and filmed, with side
on camera footage available for 22 of these; summary data for
these 22 impacts is provided in Table 1. Energy absorption
values could not be calculated in the two group one speci-
mens; in one, projectile re-bound was not captured, whilst in
the other the projectile immediately re-bounded off the clamp.
Figure 4 shows the relationship between incident velocity,
energy absorption and whether impact resulted in re-bound,
penetration or perforation for the remaining 20 specimens.
Across these impacts, absorbed energy ranged from 0.48 to
4.08 J. An increase in incident velocity resulted in a steep
increase in energy absorption. In specimens retaining soft tis-
sue, a total of 16 impacts resulted in penetration, with 14 of
these undergoing rebound. Two impacts at the highest veloc-
ities in the series (at 94 m/s and 96 m/s) resulted in embed-
ment. In total, perforation was observed in 6 specimens and
was found to initiate at 58 m/s. Greater absorbed kinetic

energy above this threshold resulted in perforation in five of
the seven impacts between 73 and 96 m/s.

Measurement data taken from the four specimens impacted
between 94 and 96 m/s suggested factors that might have
determined whether projectile penetration or perforation oc-
curred (Table 2). Apical and basal total thicknesses, apical and
basal trabecular thicknesses and apical cortical thicknesses
were greater in the two embedding impacts. This general trend
for a thicker outer cortex in the embedding impacts also
existed for the basal side of the wound, although there was
overlap between the 96 m/s perforation and 96 m/s embed-
ment. Apical and basal thicknesses of the inner cortical layers
were also greater in the two embedding impacts. The thick-
ness of the trabecular lamina in relation to whole bone thick-
ness did not appear to influence projectile behaviour, with one
perforating impact actually having a proportionally thicker
trabecular layer than the two embedding impacts. Projectile
embedment was associated with greater energy absorption in
both cases.

Table 3 details external wound morphology in the 6 perfo-
rated fleshed specimens. The majority of entries were circular
(n = 3) or circular-irregular (n = 2). The single irregular entry
occurred at the lowest incident velocity and in a very thin
specimen (0.9mm at its thinnest point). Themajority of bevels
(n = 4) were asymmetrical. Only one of the three circular en-
tries exhibited symmetrical bevelling.

External and internal fracture morphology

Rebound impacts between 26 and 58 m/s resulted in split-
ting and retraction of the periosteum at the impact site. In
all impacts between 26 and 37 m/s, damage was entirely
limited to soft tissue. Rebound impacts induced between
47 and 58 m/s resulted in partial or full penetration of the
outer cortical plate. Penetration was associated with forma-
tion of a cortical entry bordered by a circular, ring-type
crack and a compressed disc of cortex located immediately
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under the impact location (Fig. 5a). Compressed cortical
discs and ring-type cracks were present in the outer cortex
of 8 of the 10 rebound impacts between 47 and 58 m/s. The
two remaining specimens in this velocity range exhibited
no signs of fracture despite one being the highest-velocity
impact resulting in rebound at 58 m/s.

The flaws giving rise to the ring-type cracks were below
the limit of resolution of the μ-CT in all but one specimen,
where a crack emanated from a nutrient foramen in the outer
cortical plate before taking a circular course and completing a
semi-circular fracture at the impact location (Fig. 5b). In cross-
section, specimens exhibited various degrees of compression
of the cortical disc, ranging from minimal (Fig. 5c, incident
velocity 47 m/s, approximately 0.38-mm compression) to just
over a millimetre (Fig. 5d, incident velocity 54 m/s, approxi-
mately 1.19-mm compression). Despite being bent from
above downwards, plastic deformation occurred without signs
of tensile fracture on the inner aspect of the cortical discs (e.g.
Fig. 5d). No specimens exhibited any sign of the disc being
displaced downwards as an intact shear plug into the trabecu-
lae. Trabecular cells underneath one heavily compressed cor-
tical disc had undergone a degree of cell collapse, resulting in
some densification of the cellular solid (Fig. 5d).

Cross-sectional analysis of the compressed cortical discs
revealed that fracture of the sandwich bone was restricted to
the outer cortical layer in all but one specimen (discussed
below). In cross-section, the cortical walls of the circular
cracks were angulated with respect to the cortical surface in
cone crack fashion, and presented a relatively straight (e.g.
Fig. 5e) or gently curving edge (e.g. Fig. 5f). These angulated
fracture surfaces were morphologically identical to those seen
in fully formed conoidal wounds and may thus be termed
entry cortical fracture edges (Fig. 5c–e). Mean apical and bas-
al angles of these fracture edges together with ranges are pre-
sented in Table 1. Mean apical and basal angles showed a
general decrease with velocity, although the highest velocity
impacts in group 7 resulted in higher basal angles than those in
group 6. There was great variation in the angles both within
and across groups and around the perimeter of a single cortical
entry. For example, whilst the apical angle in one specimen
impacted at 57m/s was 62.70°, the angle on the left side of theTa
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Group Incident velocity (m/s) Cortical entry shape Bevel symmetry

5 58 Irregular Asymmetrical

6 73 Circular-irregular Symmetrical

6 74 Circular-irregular Asymmetrical

6 75 Circular Asymmetrical

7 91 Circular Asymmetrical

7 96 Circular Symmetrical
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same entry was 45.59°. Angulation of the entry cortical frac-
ture edge was evident in a perforated specimen where the
impact site consisted entirely of cortical bone and was only
0.9 mm thick at its thinnest point.

When internal cracking was restricted to the outer cortex,
the angulated cracks were open and their formation must
therefore have involved a tensile (mode 1) cracking compo-
nent (Fig. 5c–f). An additional in-plane shear (mode 2) com-
ponent to failure of the cortical discs was indicated in some
specimens by a slight downward displacement of their lateral

fracture surfaces with respect to the entry cortical fracture
edge (Fig. 5e, arrow). In one specimen, an angulated crack
without associated in-plane shear was observed (Fig. 5f,
arrow), suggesting that shear, if it occurs, must follow initial
crack opening under tension. Fracture morphology in the out-
er cortices was thus suggestive of mode 1 or mixed mode 1–2
cracking processes if shear was operative during the impact
event.

Two impacts resulted in projectile embedment in the sand-
wich bone. Although these specimens represented difficult

VC

F
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EnCF
EnCF

D

D

a b

c d

e f

g h

Fig. 5 a Example of compressed
disc of cortical bone at the impact
site. b Ring crack (C) originating
from nutrient foramen (F) with
vascular canal (VC) running
vertically. c Transverse section of
ring crack in b showing incipient
conoidal wound formation with
the presence of an angulated entry
cortical fracture edge (EnCF);
note minimal compression of the
cortex under the impact point. d
Example of cortical disc showing
more extensive compression with
some densification (D) of the
trabecular cells; note bilateral
angulation of the EnCF and crack
opening adjacent to the
compressed disc. e Downward
movement of the lateral portion of
a compressed cortical disc in
relation to the EnCF, indicating a
mode 2 (in-plane shear) failure
component. f Example of mode 1
tensile failure without evidence of
in-plane shear. g Cross-section of
projectile embedment with
projectile in situ; wound exhibits
bilateral angulation of the EnCF
with the cortical disc having
fractured in the mid-line and
displaced laterally; note formation
of a conoidal wound volume
despite lack of projectile exit,
tensile fracture of inner cortical
plate and evidence of crack
hopping one cell edge to another
(white arrows). hCross-section of
second projectile embedment
showing bilateral angulation of
the EnCF, midline fracture of the
cortical disc and densification (D)
of the trabecular cells
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samples for μ-CT scanning with the projectiles left in situ,
scans without removing the spheres to preserve fracture integ-
rity captured details of the penetration process. In section,
angulated entry cortical fracture edges were observed in both
impacts (Fig. 5g). Neither specimen exhibited an intact corti-
cal shear plug beneath the projectile. Instead, the cortical disc
in both cases had been fractured and displaced laterally by the
projectile with the fragments so formed remaining in close
proximity to the outer cortical layer from which they were
derived. Trabecular cell collapse and associated densification
of the cellular solid occurred in both impacts but was particu-
larly prominent in the 91 m/s embedment (Fig. 5h, labelled
D). Tensile failure of the inner cortical plate was observable in
the 96m/s impact as a vertically orientated crack approximate-
ly in-line with the centre of the embedded sphere (Fig. 5g).
The latter specimen exhibited a clear internal conoidal mor-
phology despite lack of projectile exit. Bisected trabecular
cells consistent with a tensile fracture crossing from one cell
edge to another were present on the right of the conoidal
volume (Fig. 5g, arrows). The large separation of the lower
right portion of the conoidal volume from the parent bone
appears to have occurred as the projectile that compressed
the densified trabecular bone downwards (Fig. 5g).

Four impacts, at 57 m/s, 73 m/s, 74 m/s and 75m/s, respec-
tively, resulted in the formation of tri-layered bioceramic co-
noids (Fig. 6a–h). At 57m/s, rebound impact left a structurally
intact conoidal volume; fragmentation in the three higher ve-
locity perforating impacts resulted in the retention of fragmen-
tary components only. In all cases, the cortical disc derived
from the outer cortex was still present in either intact or par-
tially intact form and clearly formed the roof of the conoid. In
the rebound impact, this conoidal roof had been compressed
downwards without tilting into the trabecular layer, where it
contrasted starkly with the spongy bone around it (Fig. 6a).
The conoid remained partially attached at one edge to the
inner cortical layer, but translaminar fracture had otherwise
separated it from the parent bone. Angulated cone fracture
propagation without deviation through the sandwich layers
was apparent and resulted in a distinct part-counterpart rela-
tionship between conoid and conoidal wound (Fig. 6a–c). In
section, the outer cortical layer of this conoid was compressed
by approximately 1.05 mm and in one part, a delamination in
the outer cortical layer was visible (Fig. 6c). In this region, the
upper border of the entry cortical fracture edge exhibited little
to no angulation and the conoidal crack flared approximately
mid-depth in the trabecular layer (Fig. 6c, arrow). The rela-
tionships between the fracture morphology of this specimen
and a typical conoidal perforating wound are illustrated in
more detail in Fig. 6b. Despite formation due to rebound im-
pact, this specimen had a cortical entry (CE) and cortical exit
(CEx) and a fully formed internal bevel (IB). The inner corti-
cal plate in this specimen had failed in tension, resulting in the
production of radial fractures emanating from a central point

in a stellate pattern (Fig. 6d, thin arrows). These radial frac-
tures arrested at the exit cortical fracture edge, which must
therefore have formed first (Fig. 6d, thick arrow). Stellate
fracture was detectable in cross-section as an angulated crack
in the inner cortical plate (Fig. 6b, labelled S).

In both the 73 m/s and 75 m/s impacts, the fragmentary
conoidal volume was tilted and compressed below the
inner cortical layer (Fig. 6e–h). The conoidal structure
exhibited better preservation in the 75 m/s impact (Fig.
6e–g). Viewed from above, the cortical roof of the conoid
was visible through the cortical entry wound (Fig. 6e).
The conoid fragments remained attached to the inner cor-
tex on one side (Fig. 6f) and exhibited a tensile fracture
that bisected it into two halves. Adjustment of the cross-
sectional plane so that it was perpendicular to the
displaced three-layered structure confirmed its status as a
partial conoid with stellate fracture (Fig. 6g). In the
73 m/s and 74 m/s impacts, the cortical disc forming the
roof of the fragmentary conoid was again visible through
the cortical entry wound, with the most intact morphology
resulting from the 73 m/s impact (Fig. 6h, CR). The pres-
ence of a fragmentary conoid in the latter is demonstrated
well in cross-section, where both upper and lower cortical
components of the structure are readily apparent (Fig. 6h).
A single trabecular connection between cortical layers in
both the 73 m/s and 74 m/s specimens confirmed that the
structures consisted of an entire tri-layered segment of
sandwich bone (see Fig. 6h, Tr).

Two higher velocity impacts at 91 m/s and 96 m/s resulted
in perforation without retention of any tri-layered fragments.
In these specimens, inner cortical plate fragments exhibited
part-counterpart relationships with the exit cortical fracture
edge and retained some attached trabeculae (Fig. 6i, j).
These fragments were therefore identical to the lower portion
of the intact bioceramic conoid illustrated in Fig. 6a–c, with
their upper parts having been fragmented and ejected. In the
91 m/s impact, some parts of the section through the conoidal
wound presented a cleanly fractured edge on one side but
exhibited protrusion of the trabeculae into the conoidal wound
volume on the other due to alteration in the path of
translaminar fracture (Fig. 6i).

High-speed footage of the outer cortical plate

Front on footage of impact at approximately 57 m/s was
obtained for four dissected specimens. In this series, re-
bound occurred in three cases and embedment in the
fourth. In all four specimens, impact resulted in a defor-
mation pulse causing vibration at the free specimen edges.
In two of the rebound impacts and the embedment, pro-
jectile impact resulted in a pulse of elastic deformation in
the cortex immediately around the impact point, with re-
bound occurring during the recoil phase of cortical
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deformation. Estimated rebound times at approximately
58 m/s, taken as the time difference between the frames
capturing initial contact and retrograde movement, were
227.23 μs, 227.24 μs and 136.34 μs, respectively. During
rebound impacts, projectiles partially penetrated the outer
cortex (Fig. 7b), with the compressed cortical discs so
formed visible as a whitened region of cortex (Fig. 7c).
μ-CT analysis of the specimen illustrated in Fig. 7a–c
revealed a vertically orientated fracture in the cortical disc
just adjacent to the mid-line (Fig. 7d). Cross-sectional
fracture morphology revealed bilateral angulation of the
entry cortical fracture edges (Fig. 7e, f), identical in form
to that observed in impacted fleshed specimens; densifi-
cation of the trabeculae was also apparent (Fig. 7f,
labelled D). In the penetrated specimen, the projectile
fractured the outer cortical layer before moving in a
retrograde direction and embedding at a depth of
approximately half its diameter in the sandwich bone.

Impact at approximately 150 m/s in two defleshed
specimens resulted in full perforation, with a deformation
pulse visible at the specimen edges in only one of these.
Unlike the 58 m/s impacts, the cortex around the impact
site showed no visible signs of elastic deformation.
Cortical behaviour under the projectile was captured in
one specimen, where a semi-circular section of fractured
cortex was visible to the right of the projectile (Fig. 7g).
Rather than descending with the projectile through the
sandwich structure as a shear plug, this fragment folded
downwards as the projectile completed perforation (Fig.
7h). Such behaviour was consistent with this fragment
being part of the originally circular cortical roof of a
bioceramic conoid, identical in morphology to the frac-
tured discs resulting from both embedding (Fig. 5g, h)

and rebound impact (Fig. 7d–f). Fracture and ejection of
the cortical roof left an approximately circular cortical
entry (Fig. 7i).

High-speed footage of the inner cortical plate

There was no evidence of an intact shear plug arising
from the outer cortical layer in any of the impact events.
In contrast, observation of the inner cortical plate revealed
a common fracture process between impacts that resulted
in intact or fragmentary conoid production and higher
velocity impacts that did not. During formation of an in-
tact bioceramic conoid (illustrated in Fig. 8a–c), the tri-
layered structure elevated with respect to the inner cortical
plate, and the conoid floor simultaneously underwent stel-
late fracture due to high tensile stresses there (Fig. 8b). As
impact proceeded, the conoid then underwent recoil in
relation to the exit cortical fracture edge (Fig. 8c). The
time taken to reach maximal elevation, measured from
the frame prior to damage initiation, was 175 μs; the total
time taken to reach maximum recoil was 600 μs.

Perforating impact resulting in partial fragmentation of a
bioceramic conoid is illustrated in Fig. 8d–f. Impact again
resulted in elevation of the conoid floor and stellate fracture
(Fig. 8e, arrow). Subsequently, the inner cortical plate frag-
ments formed by stellate fracture then went through a process
of elevation and eversion, resulting in their trabecular surfaces
facing outwards (Fig. 8f), with some then being ejected.
Projectile exit occurred through the aperture created by the
inner cortical plate fragments before full eversion. The se-
quence of elevation, stellate fracture, fragment eversion and
ejection occurred in the absence of residual tri-layered frag-
ment morphology at 91 m/s and 96 m/s (Fig. 6i, j), and was
also seen in dissected specimens impacted at approximately
150 m/s where fragments were ejected. A sequence of images
of capturing the exit process is provided for a defleshed spec-
imen impacted at approximately 150 m/s in Fig. 8g–i.

Retained inner cortical plate fragments underwent consid-
erable dynamic movement which in one case resulted in un-
usual fragment positions after impact (Fig. 8j–l). In this spec-
imen, also illustrated in cross-section in Fig. 6h, two large
conoid fragments were produced to the left and right of the
cortical exit, with the right fragment retaining the tri-layered
morphology. During impact, the conoid elevated and
underwent stellate fracture (Fig. 8j, arrow). Although soft tis-
sue partially obscures the bone in the high-speed footage
(Fig. 8k), a feature consistent with the left fragment (black
arrow) could be seen elevating adjacent to the right tri-
layered fragment (white arrow). Subsequent to projectile exit,
fragment recoil resulted in the right fragment covering the left
(Fig. 8l). In cross-section, this process resulted in the outer
cortex of the tri-layered fragment being level with the inner
cortex of the left fragment (Fig. 6h).

�Fig. 6 Bioceramic conoid morphology. a–d Intact conoid produced by a
57 m/s impact. a Cortical roof of conoid compressed into the trabecular
layer. b Longitudinal section of conoid showing relationships with typical
perforating conoidal projectile wound; CEn, cortical entry; CEx, cortical
exit; EnCF, entry cortical fracture edge; ExCF, exit cortical fracture edge;
IB, internal bevel; S, stellate fracture. c Transverse section showing
delamination (DL) of upper cortical layer and flaring of the conoidal
crack within the trabeculae (arrow). d Inner cortical plate showing exit
cortical fracture edge (large black arrow) and radial fractures of stellate
fracture pattern (small black arrows). e–g Fragmented conoid produced
by a 75 m/s impact. e View through cortical entry showing depressed
cortical roof of conoid and entry cortical fracture edge (arrow). f
Conoid fragment viewed from inner cortical plate; CR, cortical roof;
CF, cortical floor; S, stellate fracture; CEn, cortical entry; ICP, inner
cortical plate. g Cross-section perpendicular to the conoid fragment
visible in f. h Fragmented conoid produced by 73 m/simpact; CR,
cortical roof; Tr, trabecular connection between cortical roof and
cortical floor of fragmentary conoid; LCF, left cortical floor and RCF,
right cortical floor corresponding to fragments visible in Fig. 8j–l; recoil
resulted in the cortical roof (CR) being in line with the left cortical floor
(LCF). i, j, structures consistent with being the inner cortical vestiges of
bioceramic conoids formed by 91 m/s (i) and 96 m/s impacts (j)
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Fig. 7 Rebound and perforating impacts to defleshed outer cortical
plates. a–c Rebound impact resulting from impact at approximately
57 m/s. a Pre-impact. b Maximum projectile penetration. c Rebound
revealing compressed cortical disc (arrow). d–e μCT images of
specimen in a–c. d Three-dimensional view of compressed cortical disc
revealing vertical fracture. e Section of impact area at approximately mid-
cortical entry (direction of section indicated by black arrow in d); note
angulated entry cortical fractures edges (EnCF) and compression of
cortical disc. f Section through region of vertical fracture within the

cortical disc (direction of section indicated by white arrow in d); note
densification of trabeculae (D). g–i Perforating impact at approximately
150 m/s, indicated times are from the pre-impact frame (not shown). g
Projectile has perforated the outer cortical plate, which has fractured and
displaced downwards (arrow in enlargement). h Projectile has completed
exit of the outer cortical plate, revealing fractured and displaced cortical
disc still in the process of fragmentation and ejection. i Final morphology
of cortical entry
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Discussion

Projectile perforation is a complex event and the exact mech-
anisms involved depend upon multiple factors such as target
material properties, projectile design and incident velocity
[20]. Failure modes can also compete during penetration, with
the ultimate mechanism determined by material and projectile
characteristics [31]. The complex hierarchical organization of
bone also dictates that failure can occur at multiple length
scales, introducing a complexity to failure processes that is
not typical of synthetic composites [32]. In order to test the
plug and spall and cone crack hypotheses, the present study
therefore utilized a simplified experimental model consisting
of non-human sandwich bones impacted with spherical pro-
jectiles. Low-velocity impacts induced using this system suc-
cessfully captured the genesis of conoidal wounds, at least
with the projectile-target combination utilized. Impacts be-
tween 26 and 96 m/s resulted in rebound, penetration and
perforation, with projectile embedment apparently associated
with greater bone thicknesses. Multiple aspects of fracture
morphology induced by this range of projectile behaviours
did not substantiate the contention that a cortical shear plug
participates in perforation and instead were consistent with a
tensile, cone cracking process resulting in production of tri-
layered bioceramic conoids.

The initial phase of wound formation in rebound impacts
below 58 m/s was the production of permanently compressed
discs of cortical bone in the outer cortex identical in form to
those described in the compact bone of deer femora subjected
to sub-100 m/s impact [25]. Although seemingly consistent
with shear plug formation when present in sandwich bones,
cross-sectional fracture morphology revealed no evidence of
these discs being driven through the remaining two sandwich
layers, as predicted by the plug and spall hypothesis [4, 7, 18,
19]. In two embedding impacts and high-speed footage of one
perforation, the cortical disc underwent fracture in the approx-
imate mid-line and then underwent downward displacement
during projectile passage. In four specimens, the cortical disc
clearly formed the roof of a bioceramic conoid that displaced
downwards as a unit consisting of all three sandwich layers.
Significantly, the intact bioceramic conoid induced at 57 m/s
shared multiple features with the plugs described in human
material by Murphy et al. [22], Murphy et al. [23] and Bird
and Fleishman 2015 [24]. Shared structural features included
stellate fracture of the inner cortical plate, compression of the
outer cortical plate, minimal to no trabecular compression and
part-counterpart relationship with the internal bevel in the par-
ent bone. Such morphological correspondence is highly indic-
ative of common fracture processes in human and pig sand-
wich bones subjected to projectile impact.

A central component of the plug and spall hypothesis is that
perforation of the outer cortical layer and bevel formation are
separate events, with bevel formation suggested to occur

during projectile exit [e.g. 3, 7, 18, 33, 34]. However, the
present study confirms that bevel formation occurs in the ab-
sence of projectile exit; indeed, a fully formed conoidal wound
was produced by a rebound impact. Numerous lines of evi-
dence now converge to support the hypothesis that production
of tri-layered bioceramic conoids is central to conoidal wound
formation regardless of incident velocity. In addition to mor-
phological correspondence between experimentally and non-
experimentally produced bioceramic conoids, cross-sectional
fracture morphology induced by impacts below 100 m/s is
identical to that described for impacts between 150 and
897 m/s [5].

The fragmentary nature of three of the conoids formed in
the current experiment, coupled with identical deformation
and fracture behaviour in perforated specimens lacking co-
noids, strongly suggests that their absence subsequent to
higher velocity impacts is not due to lack of formation but to
their complete comminution and ejection, as predicted by the
cone crack hypothesis [5]. Incident velocity apparently need
not be great to fragment the conoidal volume, with comminu-
tion occurring between 73 and 75 m/s. Comminution appears
to initiate with midline fracture and downward displacement
of the conoidal roof. Subsequently, trabecular cells undergo
the process of cell collapse resulting in densification of the
trabecular layer. Finally, projectile exit elevates the inner cor-
tical plate fragments and the majority of the conoidal volume
is then ejected. Interestingly, the formation of intact conoids
highlights a notable difference between biological and syn-
thetic sandwich structures; whilst outer and inner laminae
are perforated separately in the latter [35], intact conoid for-
mation does not involve perforation of either layer.

Previous case reports have described conoidal wounds in-
duced by low-velocity impact that are macroscopically iden-
tical to those induced at high velocity [36–38], raising a sig-
nificant diagnostic challenge. The current study indicates that
increasing velocity imparts a sequence to conoid behaviour
that may assist in such diagnoses. Production of intact conoids
was rare, with total fragmentation of the conoidal structure
being the norm above 90 m/s. Conoid vestiges produced by
impacts in the 73–75 m/s range consisted of variably commi-
nuted outer and inner cortical layers with retained trabecular
connections. As velocity increased, conoid collapse from
above downwards resulted in loss of the tri-layered morphol-
ogy, leaving retained inner cortical plate fragments with at-
tached trabeculae as the only vestige of their formation. This
morphological data supports the contention of Bird and
Fleishman [24] that the retention of intact conoids (termed
Bplugs^ in their article) is consistent with a relatively low-
velocity impact event; however, it extends the diagnostic val-
ue of these features down to the fragment level. Accordingly,
in cases where attached fragments or bony ejecta are retained,
it may prove beneficial to search for the vestiges of a tri-
layered morphology.
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Numerous features of fracture morphology were consistent
with a cone cracking failure mode. The first stage in cone
crack formation during indentation or impact of brittle mate-
rials is the initiation of a surface crack from flaws at or slightly
outside the contact radius of the projectile in the region of
highest tensile stress; this crack then curves around in a circle
to produce a ring crack [39–41]. Whilst the origin of the cir-
cular crack in the outer cortex was not captured in all speci-
mens, in one, a fracture appeared to originate from a nutrient
foramen located in the outer cortex before following a circular
path delineating the indented cortical disc. Although a larger
sample capturing the origin of such cracks is required to draw
definitive conclusions, fracture morphology in this case was
inconsistent with a shear failure mode and instead suggested
the cortical disc was formed as a result of ring cracking.
During cone crack formation, increasing contact pressure
from the projectile results in the ring crack flaring to form a
cone within the tensile stress field [41]. Similarly, in the pres-
ent series, all fractured specimens exhibited crack angulation,
initiating either in the outer cortical layer, the trabecular layer
or both through different parts of the cross-section.
Significantly, these angulated cracks were open and in close
approximation suggesting the predominance of a tensile,
crack opening failure mode. An additional tensile contribution
to wound formation appears to arise when the projectile com-
presses the conoidal volume downwards relative to the trabec-
ular fracture margin, a process that enhances separation of the
conoid from the parent bone.

The establishment of projectile trajectory is often a critical
aspect of medicolegal investigations [42], with the results of
such analyses potentially influencing the outcome of criminal
trials [2]. In this regard, the findings presented herein have
considerable significance for our understanding of the factors
underlying bevel morphology and thus the information that
can be gathered from it. At present, prevailing theory indicates
that regions of asymmetrical bevelling reflect the trajectory of
the projectile [2, 8]. However, work addressing this proposed
relationship with human skeletal material reported a poor

correlation between these variables [9]. Bevel asymmetry
was also found to be more common than bevel symmetry in
experimentally induced perpendicular projectile wounds in
pig sandwich bones [5]. The current analysis suggests this
trend extends below 100 m/s, with 4/6 perforating wounds
between 58 and 96 m/s classified as having an asymmetrical
bevel despite resulting from perpendicular impact.

Whilst projectile trajectory in all likelihood does play a part
in determining bevel symmetry, the finding that bevel forma-
tion occurs in the absence of perforation indicates it is but one
of a number interacting factors underlying bevel shape. The
production of bioceramic conoids in the present study con-
firms that a principle determinant of bevel symmetry must
be the path of the translaminar fracture through the sandwich
bone subsequent to its origin in the outer cortex. This path will
be influenced by material factors such as Poisson’s ratio,
which is a key determinant of cone crack angle [43], the ori-
entation of the trabecular struts in relation to the advancing
crack tip [5] and the presence and distribution of cortical fea-
tures altering crack direction, such as the cement sheaths of
secondary osteons [32]. Loading rate may also play a part in
fracture path, with cracks at lower loading rates tending to
follow tortuous routes through regions of least resistance and
cracks at high loading rates showing no such preference
[44–46]. Further quantitative analyses of bevel symmetry
and the potential influence of impact angle on this variable
are required to quantify the accuracy of bevel shape in trajec-
tory determinations.

The position of retained bone fragments is another indica-
tor that has been utilized to establish trajectory, based on the
assumption that their orientation results from direct interaction
with the projectile [47]. However, unusual fragment positions
can also enhance the challenge of trajectory determination and
how the wound is interpreted in general. For example, Kieser
[48] reported a keyhole entry with the outer cortical layer
adjacent to the cortical entry compressed inwards rather than
outwards as expected for a keyhole entry wound [49]. The
results of high-speed videography may help explain such un-
usual fragment placements. Observation of impact revealed
that kinetic energy imparted to attached fragments results in
their dynamic motion and oscillation after the projectile has
exited the specimen. Such fragment behaviour in one impact
event resulted in the outer cortical layer of one conoid frag-
ment residing below the inner cortical layer of another. When
considering fragment position in trajectory determination, it
must therefore be kept in mind that their final placement is not
necessarily due to a direct interaction with the projectile; rath-
er, it might represent their resting position after dynamic
movement has ceased.

The presence and location of bevelling is fundamental to
the determination of the entry or exit status of projectile
wounds [1, 7], and in this regard, it is significant that some
authors have noted its absence in thin areas of bone that lack a

�Fig. 8 High-speed footage of conoid behaviour viewed from inner
cortical plate; all times from frame prior to visible damage. a–c
Damage sequence capturing intact bioceramic conoid behaviour during
57 m/s re-bound impact. a Pre-impact. b Maximum conoid elevation. c
Final damage pattern resulting from recoil of conoid. d–f 75 m/s
perforation that resulted in partial conoid fragmentation. d Pre-impact. e
Early elevation of conoid floor with stellate fracture (arrow) forming inner
cortical plate fragments. f Eversion of inner cortical plate fragments
(arrow). g–i Perforation sequence in dissected specimen, approximately
150 m/s. g Pre-impact. h Elevation and stellate fracture (arrow). i Inner
cortical plate fragment elevation and eversion (arrow). j–l Dynamic
movement of conoid fragments during a 73 m/s impact. j Stellate
fracture of conoid floor (arrow) with central aperture between inner
cortical plate fragments. k Enlargement shows left cortical floor
fragment (black arrow) adjacent to right cortical floor fragment (white
arrow).l Enlargement shows right fragment has recoiled over left
fragment resulting in sectional view visible in Fig. 6h.
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trabecular layer [6, 9, 34]. Whilst the trabecular fracture mar-
gin and exit cortical fracture edge will be absent in such bones,
the translaminar fracture resulting in bevel formation typically
begins as an angulated crack in the outer cortical layer. This
angulated crack was restricted to the outer cortical layer in 7
specimens and was also present in a perforated specimen
consisting entirely of cortical bone, indicating it forms inde-
pendently of the trabecular lamina. The possibility therefore
arises that cross-sectional analysis may be able to identify the
entry or exit status of wounds in thin cortical bone that lacks
bevelling. Interestingly, images of angulated entry cortical
fracture edges have been captured using multidetector com-
puted tomography (MDCT) [50], suggesting they can be de-
tected in situ during post-mortem analysis.

Whilst the present work focused specifically on sandwich
bones, it is important to consider conoidal fracture in a wider
skeletal context; at present, it is not clear if this mechanism is
responsible for conoidal wound formation during impact in all
bone types. For example, Huelke et al. [51, 52] attributed
conoidal wound formation in the femoral epiphyses to tempo-
rary cavitation of fluid located in the interstices of the trabec-
ulae. Although the formation and dynamic behaviour of
bioceramic conoids was captured by the current experimental
model, further research is required to confirm that incident
kinetic energy drives a process of translaminar fracture and
bioceramic conoid formation in human material. Finally,
whilst spherical projectiles are ideal for eliminating confound-
ing variables such as deformation on the impact process, fu-
ture analyses should seek to address the influence of projectile
design on perforation mechanisms.
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