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Abstract

Molecular ballistics connects the molecular genetic analysis of biological traces with the wounding events and complex forensic
traces investigated in terminal ballistics. Backspatter, which originates from a projectile hitting a biological target when blood
and/or tissue is propelled back into the direction of the gun, is of particular interest; those traces can consolidate and persist on the
outer and inner surfaces of firearms and serve as evidence in criminal investigations. Herein, we are the first to present an
anatomically correct head model for molecular ballistic research based on a polyurethane skull replica enclosing tissue-
simulating sponge material that is doped with “triple-contrast” mixture (EDTA-blood, acrylic paint, and an x-ray contrast agent).
Ten percent ballistic gelatin was used as brain simulant. We conducted contact and intermediate-range shots with a Glock 19
pistol (9 mm Luger), a pump-action shotgun (12/70 slugs), and blank cartridge handguns. Each shot was documented by a high-
speed camera at 35,000 fps. Apart from the blank cartridge guns, all gunshots penetrated the skull model and created backspatter,
which was recovered from the distal part of the barrels and analyzed. The pistol contact shots and one of three shotgun shots
yielded full STR profiles. While the shotgun slugs destroyed the skulls, the remaining models could be used for radiological and
optical fracture and wound channel evaluation. Known backspatter mechanisms and their respective timing could be confirmed
visually by video analysis. Our complete model setup proved to be well applicable to molecular ballistic research as well as
wound channel and fracture pattern investigation.
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Introduction

Collecting and analyzing biological material from crime
scenes are common tasks in forensic case work. In scenarios
involving gunshots, blood and tissue from the victim can be
propelled out of the entrance wound of the bullet back into the
direction of the shooter. This phenomenon later called
“backspatter” [1] was already described in the 1930s as of
criminological interest when backspatter was found on the
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shooter’s hand [2] as well as on outer and inner surfaces of
the gun [3]. The blood pattern distribution from backspatter in
general holds clues for the reconstruction of the events and
circumstances at the crime scene and thus has been investigat-
ed on many occasions including case reenactments [4], exper-
iments with different ballistic models, e.g., bagged blood
soaked sponges [5], living cattle [6—8], porcine [9], and even
human cadavers [10]. For a long time, though, the systematic
molecular analysis of backspatter was rather neglected. Only
in recent years, it was demonstrated that backspatter traces
from the inside parts the firearm are a viable source of DNA
in amounts and quality lending to forensic molecular biolog-
ical analysis [11, 12]; hence, the term “molecular ballistics”
was coined. Subsequently, molecular ballistic backspatter
analysis demonstrated its potential for DNA-based victim
identification in a real case of triple homicide by gunshot
[13]. Furthermore, the simultaneous extraction and analysis
of DNA, RNA, and mtDNA from backspatter as well as
backspatter analysis for hit zone implication via RNA-
mediated trace contextualization have been reported [14, 15].
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For those experiments and to facilitate comprehensive eval-
uation of “used” ballistic models and differentiate backspatter
within the gun and the wound channel, the “triple-contrast”
method involving ballistic models doped with a mix of blood,
acrylic paint, and an x-ray contrast agent was devised and
validated for molecular ballistic testing [16]. However, up to
the present date, the ballistic head models for experimental
shootings were made of acrylic spheres [11], plastic boxes
[17], polyethylene bottles [14, 16, 18], or casts of ballistic
gelatin [19], all doped with bags containing blood or triple-
contrast mix and some covered with silicon layers for skin
simulants. And while some anatomically correct head models
have been studied for fracture development in military re-
search [20-24], so far, no models mimicking the human head
in its complex anatomy have been used in backspatter analy-
sis. The development and establishment of an anatomically
correct head model for ballistic research are challenging, as
it does not only consists the human head of highly heteroge-
neous and complex structures but it also exhibits a great di-
versity in the appearances of the scalp [25], skull [26], and
brain [27]. To provide for reproducibility of results, standard-
ized synthetic materials are needed reflecting the respective
properties of bone and tissue matter that are decisive for the
aspect under investigation. Compromises are inevitable, but as
long as the results are closely approximate (what can be ob-
served) in reality, simulants do not need to possess the exact
same biomechanical attributes and properties as their real
counterparts [28].

Herein, we present the first anatomically correct and skull
model with realistic features for molecular ballistic testing. To
improve reproducibility, we only employed industrially pro-
duced items. We aimed to evaluate the model system by sub-
jecting it to a set of different conditions in several different
shooting scenarios and address the question whether this mod-
el produces realistic backspatter which can then be collected
from inner surfaces of different kinds of weapons and be an-
alyzed molecularly biologically, and whether the model pro-
duces comparable fracture and wound patterns (proof of
concept).

Materials and methods
Blood collection and sample mixture

Blood for the generation of the sample mixture was drawn by
venipuncture into sterile EDTA-containing blood collection
tubes (Sarstedt, Germany) and was donated solely and volun-
tarily by one of the authors. The author did not have any
contact with the used weapons or ammunition before or dur-
ing the experimental shooting, nor did he participate in the
sample collection or processing. As sample mixture, a “tri-
ple-contrast” mixture [16] was freshly prepared with the
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donated EDTA-blood, acrylic paint (Schmincke, Germany),
and Micropaque® contrast agent (Guerbet, Germany) in a
ratio of 1:2:2 before assembling the ballistic model.

Preparation of the ballistic model

About 20 mL of the triple-contrast mix was spotted onto a
5cm x5 cm % 0.5 cm “dirt eraser” sponge, wrapped in a trans-
parent plastic foil, and sealed in an evacuated vacuum bag
(Supp. Fig. 1). This approach of a tissue simulant was pre-
ferred over plastic bags with pure liquid, which were used in
carlier studies [14, 15, 18] and which were employed here
only for comparison (about 5 mL in 4 cm x 4 cm bags). The
ability of the soaked “dirt eraser” sponges to produce
backspatter in general was confirmed prior to the experimental
shooting with a blank cartridge revolver (data not shown).

Commercially available and anatomically correct
SYNBONE® skull models with a rubber coating (model
number 8880.G, SYNOBONE AG, Switzerland) were
washed from the inside with water and 70% ethanol. The gaps
at the nasal bone were sealed with hot glue and the foramen
ovale and spinosum were tightened with duct tape. Double-
sided adhesive tape was used to fix the triple-contrast-filled
bags in a target location, i.e., either behind the right temporal
bone or the occipital bone, which were chosen for being the
most typical target locations for suicidal and homicidal gun-
shot injuries [29]. The location of the triple-contrast bag was
marked with a pen on the corresponding outside spot and the
skull models were numbered. Type III ballistic gelatin
(Honeywell Fluka™, Germany) was prepared at a 10% con-
centration following Fackler’s instruction [30] and poured into
the now liquid-tight skull models through the foramen mag-
num. The skulls were subsequently stored for 36 h at 4 °C
before shooting.

The triple-contrast bag in skull model no. 1 was not fixed
directly to the inner surface of the model, but had drifted about
3 cm inside and was completely surrounded by gelatin; the
bag of skull 3 had also slightly drifted inwards with its lower
half surrounded by gelatin for a few millimeters. This proba-
bly happened while pouring the warm liquid gelatin into the
skull models and went unnoticed until the shootings were
conducted.

Experimental shooting setup and firearms

The experimental shooting was conducted in designated
shooting area on the premises of the State Office of Criminal
Investigation of Schleswig-Holstein (LKA-SH) in Kiel. The
prepared skull models (described above) were fixed at the
zygomatic process of the temporal bone with cork lined lab
clamps attached to a metal rod on a wooden board, which was
always oriented in such a way that the trajectory was leading
towards the bullet trap (Supp. Fig. 2). All shots were executed
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by a trained professional without stabilization of the weapon
to provide for realistic shooting conditions. To avoid contam-
ination and for protection, the shooter was wearing a sterile
surgical gown (Lohmann & Rauscher, Germany), standard
earloop facemasks (3M Health Care, Germany), a plexiglass
helmet, and Micro-Touch® nitrile examination gloves
(Ansell, Belgium), which were examined for backspatter
traces and changed after each shot.

To represent a variety of relevant firearms, two small arms,
a handgun (pistol), and a long gun (single barrel pump action
shotgun), as well as blank cartridge handguns freely commer-
cially available in Germany, were employed (Table 1). Bullet
entrance location, shooting distance, and the firearm used for
each shot are listed in Table 2. Shots to the temporal bone were
conducted analogously to typical suicidal shots with the tra-
jectory orientating from the temporal bone diagonally towards
the posterior part of the opposite parietal bone. The shots in
the occipital bone were orientated in straight direction towards
the frontal bone, parallel to the artificial suture left from the
manufacturing process. Temperature and humidity were mea-
sured shortly before every shot, ranging from 24.7 to 25.5 °C
and between 53% and 95% humidity, due to the use of a
ventilation system. After each shot, skull models that had
not been completely destroyed were carefully transferred into
plastic bags and stored at 4 °C.

Video analysis

Video documentation of every shot and the resulting
backspatter was done with a Photron FASTCAM SA-Z
2100K high-speed cam at 35,000 fps. Using the Photron
FASTCAM Viewer v.3681, a frame-by-frame analysis of
every shot was conducted, with every frame representing
a time span of 0.029 ms. The time elapsed after bullet
entry was taken for the start of the fracture propagation
of the skull model, the exit of the bullet, and the different
forms of backspatter. In addition, mean bullet velocity
was estimated by measuring the wound track (using the
CT images) and relating it to the time of passage through
the skull model.
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Table 2 Target location of each ballistic model

Skull model no. ~ Matrix Weapon  Target location ~ Distance
1 Sponge P T C

2 Sponge S T C

3 Sponge P T 5 cm

4 Sponge S T 15 cm
5 Liquid P T C

6 Liquid BR,BP T C

7 Sponge P (0] C

8 Sponge S (0] C

P, pistol; S, shotgun; BR, blank revolver; BP, blank pistol; 7, temporal
bone; O, occipital bone; C, contact

Weapon sampling and cleaning procedure

After each firing, the inside of the barrel was sampled using
DNA-free forensic nylon swabs (4N6 FLOQ Swabs Crime
Scene, Copan Flock Technologies, Italy). Sampling was per-
formed on the distal part of the barrel (approx. 12 cm) at the
shotgun and entire barrel at the pistol, using a modified double
swab technique [31] employing a single swab with one-half
moistened with HPLC gradient grade water (Th. Geyer GmbH
& Co. KG, Germany) and one-half dry.

Before using the fircarms again, barrels were cleaned with
10% bleach (DanKlorix, Colgate-Palmolive, Germany) and
70% ethanol (Th. Geyer GmbH & Co. KG, Germany) using
cotton swabs (Forensic Swabs XL, Sarstedt, Germany) and/or
cotton pads (Vereinigte Filzfabriken AG, Germany). After
each cleaning, negative controls were taken from the inside
of the barrel as described above.

DNA extraction, quantification, and STR profiling

DNA was extracted from the collected samples using the
magnetic-bead-based Life Technologies PrepFiler® Forensic
DNA Extraction Kit (Thermo Fisher Scientific, USA) accord-
ing to the manufacturer’s instructions resulting in a final elu-
tion volume of 50 uL. The DNA concentration and the pres-
ence of inhibitors were determined by quantitative PCR

Table 1 Weapon types, firearms,

and ammunition Type  Firearm Manufacturer Ammunition Manufacturer
P Glock 19 Glock (Austria) 9 mm Full Metal GECO (Germany)
Jacket
S Pump Gun Falconetti (Italy) Practical Slug 12/70  SAGA (Spain)
28g
BR Zoraki R12.5” Zoraki (Turkey) 9 mm R.K. Walther (Germany)
BP Walther P99 Commando Walther (Germany) 9 mm P.A. Knall RUAG (Germany)

P.AK.

P, pistol; S, shotgun; BR, blank revolver; BP, blank pistol
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(qPCR) using the PowerQuant® system (Promega,
Wisconsin) on an Applied Biosystems™ 7500 fast Realtime
PCR System (Thermo Fisher Scientific, USA). Quantification
was performed in duplicates following the manufacturer’s in-
structions with 2 pL. DNA-containing solution in a reduced
reaction volume of 10 pL. This modification to the manufac-
turer’s protocol had been thoroughly validated for routine
analysis in our laboratory.

For all samples exhibiting an autosomal DNA quantifica-
tion value above our internally validated threshold of 0.4 pg/
uL, we performed STR multiplex-PCR using the PowerPlex®
ESX 17 Fast Kit (Promega, Wisconsin) according to the man-
ufacturer’s protocol on an Applied Biosystems™ GeneAmp
PCR System 9700 (Thermo Fisher Scientific, USA). PCR
products were detected by capillary electrophoresis on an
Applied Biosystems™ 3500 Genetic Analyzer (Thermo
Fisher Scientific, USA). The resulting data was analyzed with
the GeneMapper ID-X software version 1.5 (Thermo Fisher
Scientific).

Radiological imaging

Twenty-four hours after shooting, the models were examined
by multislice CT (Ingenuity Core, Philips, Netherlands). The
scanning was performed with a tube voltage of 120 kV and a
tube current of 320 mA in a spiral mode. Reconstructed slice
thickness was 0.8 mm with overlapping slices. Reconstruction
with a bone and smooth kernel and iterative model reconstruc-
tion were performed. The bone kernel was found to be the best
reconstruction kernel for the delineation of the concentrated
contrast medium versus air versus gelatin in the projectile
course. The image post-processing (multiplanar reconstruc-
tion with AVG 5-mm slice thickness) was performed on an
AGFA Impax workstation EE R20 XVII SU3
v20180419 1405 (AGFA, Belgium) and additionally with
InVesalius v3.1.1 (CTI, Brazil).

Skull model and wound channel evaluation

Undestroyed skull models were photographed and document-
ed in terms of skull integrity, fracture patterns, size and shape
of entry, and exit wounds as well as soot and triple-contrast
deposits. Afterwards, the gelatin brain simulant was extracted
from the skull model and cut into ~ 1-cm thick slices perpen-
dicularly to the wound cavity. A scanner (MP C306, Ricoh,
Canada) was used to make images of the slices with a resolu-
tion of 400 dpi. The images were evaluated with ImagelJ 1.52d
(NIH, USA) by applying the polygon method [32, 33], where
the end of the tears radiating from the wound channel is con-
nected to create a polygon which reflects the maximum extent
of the remains of the temporal wound cavity and thus the
interconnected dissipated energy from the projectile. The
polygon perimeter was determined for every slice to create
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an impression for the damage along the wound track. This
procedure was also applied for the radiological images along
the wound track to assess the viability and comparability of
both approaches.

Results
Evaluation of high-speed video recordings

The recording of the gunshots with the high-speed camera at
35,000 fps allowed for careful and comprehensive frame-by-
frame evaluation of the behavior of the skull model when hit
by the bullet as well as backspatter mechanisms and their
temporal progress (Table 3; Supp. Table 1). Backspatter was
created by every shot, except the blank cartridge gun shots that
did not break the “bone.” For the other shots, two distinguish-
able temporally separate modes of backspatter could be ob-
served: an initial first backspattering of gas, bone fragments,
and liquid droplets (from the ruptured triple-contrast mix bag)
directly following the bullet impact as the entry site bursts
open (and thus, we termed “burst” backspatter), and after 6
to 7 ms a second manifestation of backspatter resulting from
the collapse of the temporal cavity (which we called analo-
gously “collapse” backspatter). The appearance of both modes
is dependent on the actual shooting scenario. Due to accom-
panying muzzle gases, contact shots with a pistol exhibit a
more severe wounding capacity than shots from an interme-
diate or distant range, and thus cause the first bursting effect,
which is absent from distant shot scenarios. The term “contact
shot” is employed here, although video images showed that
the hard and uneven surface of the skull model whose rubber
coat would not efficiently clasp around the muzzle rather pro-
vides for an incomplete contact shot scenario.

The destructive force unleashed by the shotgun slugs
was sufficient, regardless of shot distance, to instantly de-
stroy the skull model (Fig. 1). Hence, neither “collapse”
backspatter nor the exit of the slug could be observed ren-
dering distance estimation impossible. A real close-contact
shot also could not be performed as prior to the slugs’ exit,
the shotgun muzzle was jerked some few millimeters by
the recoil, respectively. A gush of triple-contrast mix is
thrown into the direction of the shotgun and distributed
over the outer surface of the barrel as droplets (skull model
no. 2) as well as thick smears of several centimeter length
(skull model no. 8). A continuous jet of muzzle gases ac-
companies the slug and persists for at least 7 ms after bullet
entry, pushing small particles and thin droplets away from
the muzzle.

The three contact shots fired with the Glock 19 pistol (skull
model nos. 1, 5, and 7) generated similar observable patterns
of effects in and at the skull models:
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Table 3 Measurements from

high-speed video recordings Elapsed time after bullet entry [ms]

No.  Fracturing  Bullet “Burst” Appearance “Collapse”  Appearance  lhyc VB
exit BS BS [m] [m/s]
1 0.1 0.5 0.1 Gas, BF 6.5 D 0.160 320
2 0.029 n.m. 0.1 Gas, G, BF - — n.m. n.m.
3 0.1 0.5 - - 6.5 D 0.154 308
4 0.029 n.m. 0.1 MSp, G, BF — — n.m. n.m.
5 0.1 0.5 0.2 Gas, BF, G 6.2 Gas, P 0.158 316
7 0.1 0.6 0.1 Gas, G,MSp, 7.0 MSp, D 0.170 283
BF
8 0.029 n.m. 0.1 MSp, G, BF — — n.m. n.m.

No., skull model number; BS, backspatter; n.m., not measurable; BF, bone fragments; D, droplets; G, gush; MSp,
microspatter spray; P, particles (undeterminable); /yc, length of wound channel; vg, bullet velocity

1. Radial fracturing, originating from the entry site, about
0.1 ms after bullet impact

2. Simultaneous bursting of entry site, with a “burst”
backspatter of gas, small bone fragments, and triple-
contrast mix from the ruptured bag (Fig. 2)

3. Exitofbullet after 0.5 to 0.6 ms. A tumbled bullet is found
at skull 7, with an angle of yaw of about 9.4° (Fig. 2).

4. Bone parts created by radial and secondary concentric
fractures arch out and are later either pulled back by elas-
tic force or hurled into the periphery if enough energy had
been transferred to rip the rubber coat.

5. Second manifestation of backspatter of droplets, gas, bone
particles, or a microspatter spray (Fig. 3) after about 6.2 to
7 ms, following the collapse of the temporal cavity and the
(first) pulsating movements of the gelatin.

The backspatter process is thus happening faster than the
recoil act (about 55 ms); therefore, the triple-contrast mix was

Fig. 1 Destruction of the skull
model by the shotgun slug.

Explosive character suppresses
normal backspatter mechanics

scattered not only on the slide, frame, trigger guard, and the
shooter’s hand but also on the outside part of the barrel and the
recoil spring. The amount of backspatter ending up inside the
muzzle could not be estimated due to the lateral view of the
camera.

At maximum extent of the entrance holes and before the
rubber coat elastically retracts those bone pieces which are still
attached to it back into place, the full extent of the oscillation
of the ballistic gelatin becomes visible, creating a temporary
empty space inside the skulls (Fig. 4). The oscillation con-
tinues over the entire length of each video (between 57 ms
and 110 ms) and causes the entire skull model to pulsate as
well.

As a further observation, skull model no. 5 that was doped
with liquid triple-contrast mix in a foil bag exhibited a slightly
different generation of backspatter and blood pattern distribu-
tion. As a result, after the bullet’s impact, the bag was quasi
simultaneously flung upwards, ripped apart, and turning
round its own axis, thereby releasing the majority of the liquid

@ Springer



1844

Int J Legal Med (2019) 133:1839-1850

Fig. 2 Shot with 9-mm bullet to
the occipital bone, 0.657 ms after
impact. Immediate start of “burst”
backspatter with colored triple-
contrast mix in backstreaming
gas. The exiting bullet tumbles
with an angle of yaw of about 9.4°

t=0.657 ms

mixture from a few centimeters upside of gun, leaving a thick
smear on the upper part of the barrel, the front site of the slide
(causing some of the mix being pushed away at the recoil
process), and the frame, as well as the upper side of the
shooter’s thumb and knuckle of his middle finger. With in-
creasing flying distance, the mix is spread out to a net-like
structure and finally thins to small drops (in a time span of
about 40 ms), resembling the image of a popping water bal-
loon (Fig. 4).

Skull model no. 3 is considered separately as an interme-
diate shot scenario. After entry of the bullet, the accompany-
ing muzzle gases continue to stream out of the muzzle for
about 2 ms and partly enter the wound channel, but mostly
are dispersed and deflected from the skull. Without the muzzle
gases being injected into the skull as in contact shot setups
(thereby significantly contributing to the severity of the dam-
age), the lesser total energy dissipation also results in fewer
fracturing and radial cracks of the skull model at and from the
entry site. Congruent with the contact shots, it takes about
6.5 ms until the supposed “collapse” backspatter appears.
Yet, the intact skull does not allow for an observation of the
wound cavity in the gelatin to confirm this. The simultaneous

Fig. 3 Shot with 9-mm bullet to
the occipital bone, 9 ms after im-
pact. After the “burst” backspatter
with gushes of liquid and bone
fragments, the “collapse”
backspatter streams in direction of
the gun as a thick microspatter
spray. The inner parts of the gun
are exposed to the backspatter due
to the recoil process
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upward jerk of the shooting hand due to the recoil causes the
visible backspatter to miss the weapon here (Supp. Fig. 3).

Skull integrity and analyzability

As mentioned above, the models were destroyed by the shot-
gun slugs rendering the evaluation of the “bony” remains im-
possible. Still, for some shots, the gelatin brain replicas
remained largely intact, thus roughly resembling a Kronlein
shot [34] (Supp. Fig. 4). In contrast, shots delivered by pistols
left the models fractured but mostly intact. The polyurethane
material of the skulls allowed for 3D reconstruction of the
scans similar to real bone, but with small adjustments due to
its different density.

All three models to which contact shots were delivered
exhibited severe bone defects at the entrance wound. Radial
and concentric secondary fractures merged and created larger
bone pieces which were divulsed away once enough energy
had been transferred to rip the rubber coat. The extent of this
bone defect was up to a diameter of 10 cm (Supp. Fig. 5 A).
Bone defects at the exit sites were smaller, with a maximal
diameter of 3.3 cm, yet also exhibited radial and concentric
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Fig. 4 Shot with 9-mm bullet to
the temporal bone, 20 ms after
impact. The liquid-filled bag
ripped and gushed upwards, with
the triple-contrast mix distributing
in an explosive fashion from
above. Radial fractures, extensive
bone loss at the entry site, and
broken zygomatic process of the
temporal bone visible. The pul-
sating brain creates an empty
space inside the skull

secondary fractures (Supp. Fig. 5 B). Cratering or external
beveling of the bone simulant was only roughly recognizable
at the mostly too fragmented entry and exit sites. The zygo-
matic processes of the temporal bone, where the clamps had
been attached, were broken at all three contact shots. When
shots to the temporal bone were performed, the fracture prop-
agations were halted at the artificial suture between the hemi-
spheres, which was also torn open by the pressure transmis-
sion. Soot deposits were observed in proximity to the bullet
entry site and at the malar surface of the zygomatic bone.
Stains of the triple-contrast mix in various shapes and sizes
were present, but as seen in the high-speed video recordings,
originated in part from splashes by the bone fragments which
cambered and were then elastically retracted into place by the
rubber coat. After fracture documentation, the skulls were
opened, and the gelatin brain replicas were removed for
wound channel analysis, except for skull model no. 6, which
had been shot against the temporal bone with both a blank
revolver and a blank pistol. Both shots left distinct soot de-
posits and small parts of burnt and molten rubber, but did not
penetrate the skull (Supp. Fig. 6).

Examination of the wound cavity

The translucent gelatin allowed for a first visual assessment of
the bullet track and the distribution of the colored triple-contrast
mix. The contact shots at sponge-doped models produced clear-
ly visible colored cracks throughout the wound channel. The
shots at models with liquid-only bags produced an uneven dis-
tribution of the mixture declining throughout the length of the
channel with empty cracks and only very little amounts left in
the last half. The distant shot carried even less of the mixture
along its path, just filling the cracks for the first ~ 3 cm and with
no visible traces left after 10 cm. Nevertheless, even uncolored
cracks and tears were well detectable in the slices cut from the
gelatin cores and could be included in the polygon for wound
channel analysis. Regardless of the amount of triple-contrast

mixture in the model, CT analysis of the wound track was less
efficient; a fine resolution adjustment of contrast agent vs. gel-
atin vs. air could not be achieved; hence, tears and cracks ap-
peared shorter as compared with the optical measurements
(Fig. 5). A 3D reconstruction was still possible, however, but
also demonstrates less-efficient distribution of the triple-
contrast mixture (Supp. Fig. 7). The trends of the polygon pe-
rimeter graphs were still quite comparable with the optical eval-
uation, but produced lower values (Fig. 6). As expected, the
graphs show that the damage was greatest after a few centime-
ters for the models that had received contact shots, due to the
added effect of muzzle gas. Without it, at the intermediate shot
at skull model no. 3, the damage pattern was similar throughout
the entire wound channel. Skull model no. 1 with its inward
shifted bag exhibited comparable large temporal cavity before
the bag, then a less intense, again first increasing and then
decreasing wound profile after the bag.

DNA quantification and STR profiling

DNA quantification and profiling results are listed in Table 4.
Negative controls were included to assess the efficiency of the
cleaning and sampling procedures. If sufficient material was
present that STR profiling could be performed, it always re-
sulted in a full profile from the donor. All pistol contact shots
produced full profiles, while samples from intermediate shots
failed which was to be expected from the high-speed video
recordings showing that the backspatter missed the muzzle.
DNA vyields varied widely but corresponded to the mecha-
nisms observed in the video recordings as described above:
The inward shifted bag from skull model no. 1 produced a
lower amount of triple-contrast mixture in the backspatter, and
the bag without a sponge (in skull model no. 5) contained a
lesser total amount of triple-contrast mix and behaved differ-
ently from the bag with a sponge.

Two contamination events were detected. One extra allele
was observed in a sample from skull model 1, which may have
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Fig.5 Examples from wound channel evaluation, the same position is shown with polygon perimeter drawn in red. a Scan from 1 cm slice of cut gelatin

brain. b CT image with 0.537 cm slice thickness, AVG mode

originated from the shooter or the technician, and seven extra
alleles appeared in a sample from skull model no. 8, including
one allele which could not be related to the profile of any
person that had been at the shooting site but may have been
present in the gun before the shooting event. Two negative
controls also resulted in a full profile, indicating insufficient
cleaning after the shot.
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Discussion

The applicability and suitability of our new anatomically cor-
rect skull model for molecular ballistic research were assessed
by testing for the occurrence of backspatter after contact and
intermediate shots using two different small arms, evaluating
the model’s behavior and investigating whether backspatter
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Table 4 Sample quantification
and profiling No. Type DNA yield [ng/uL] STR typing Full profile donor Extra alleles
1 P/C 0.0039 +% Yes 1
1 - neg P/C - n.d. - -
2 S/C - n.d. - -
2 - neg S/C - n.d. - -
3 P/C - n.d. - -
3 - neg P/C ikd n.d. — -
4 S/D - n.d. - -
4 - neg S/D - n.d. - -
5 P/C 0.1192 + Yes 0
5 - neg P/C - n.d. - -
7 P/C 0.2561 + Yes 0
7 - neg P/C 0.0034 + Yes 0
8 S/IC 0.0035 +% Yes 7
8 - neg S/C 0.0030 + Yes 0

No., skull model number; neg., negative control after cleaning; P, pistol; S, shotgun; C, contact; D, distant; yield,
—, <0.0005; n.r., no result; STR typing, +, 17/17 STR-systems; n.d., not done

*Mixed profile

traces can be collected and analyzed from the inside surfaces
of the barrels. To the best of our knowledge, ours is the first
model system for molecular ballistic backspatter research
which comprises an anatomically correct skull replica with
an internal source of biological material embedded into a tis-
sue simulant. We are aware that our model cannot fully sim-
ulate a real and highly complex cranial vascular system with
dynamic perfusion, which may well be impossible to recreate
artificially. Nevertheless, it is an improvement and more real-
istic than previous model systems albeit accompanied by a
more difficult handling and preparation process. Thali et al.
when discussing their “skin-skull-brain” model already
claimed that an anatomically correct skull model is less repro-
ducible and inter-comparable than spheres [35]. While this
may be granted, we argue that striving towards a completer
and more realistic model outweighs easier handling. The only
failure of model preparation that we encountered was the in-
ward shifted triple-contrast bag (skull model no. 1), which can
be obviated by using stronger tape or glue. In fact, the de-
creased DNA yield in samples from skull model no. 1 high-
lights the necessity for careful preparation.

Importantly, backspatter was indeed generated by every
shot except for the blank cartridge guns. Backspatter traces
recovered from the inside surface of the barrel, respectively,
after all contact shots with a pistol and from one of three
shotgun shots successfully produced STR profiles. Judging
from the high-speed videos, the liquid-only bag exhibited a
less realistic behavior than the sponge bags. It is safe to as-
sume that this observation does not reflect realistic backspatter
behavior, as a comparable cavity of liquid blood is not present
inside a human skull. Concerning the nature of the material
spattered back from shotgun blows, the “explosive” [36]

character of the impact raises the question whether it should
be termed “backspatter” at all. Also, taking into account the
amount of triple-contrast mix produced by the shotgun blasts
and found outside of the barrel, it was not be expected that
only one of those samples contained sufficient DNA for STR
profiling. Still, FLOQ Swabs have demonstrated low efficien-
cy in sampling “firearm metal” before [37]. The extensive
muzzle gases, which dispersed and scattered droplets of
backspatter, in combination with a challenging sampling pro-
cedure (the greater diameter of the barrel impeded applying
sufficient pressure with the swab tips to efficiently recover
sample material) probably also contributed to the reduced
DNA yield. Additional careful examination of the barrel inside
by endoscopy may thus be advisable [17] as well as the appli-
cation of a more thorough swabbing technique with a barrel-
fitting device (e.g., GunSwab C1, Coloprint, Germany). It has
to be mentioned that in real cases, all internal parts and sur-
faces of a gun can and should be sampled [13], whereas here-
in, we focused on the inside surface of the barrel for uniform
comparison. As mentioned above, the backspatter generated
by the intermediate shot with the pistol missed the barrel be-
cause of the upward jerk of the gun due to recoil. This should
be considered for the setup of and regarding the aspect in
question in future experiments, e.g., by stabilization of the
gun to ensure comparability and if a maximally realistic reen-
actment including a human shooter affected by recoil of a
gunshot scenario is not required.

The measured time span of about 6 ms after which “col-
lapse” backspatter emerged is comparable to the duration of
temporary cavity movement in human tissue [38] and also fits
to the observations made from 9 mm shots at Sylgard gel,
where the first minimal cavity was measured at 6.5 ms after
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impact [39]. This resemblance in timing is noteworthy as 10%
gelatin exhibits higher elasticity and in general different me-
chanical properties than brain tissue, which has been argued to
restrict its use for specific ballistic research [40]. Falland-
Cheung et al. introduced a mix of agar/glycerol/water as a
more suitable alternative for brain tissue simulations [41,
42]; however, gelatin still provides the highest comparability
with other experiments. The “collapse” backspatter also
emerges after contact shots in the form of a microspatter spray
about 6—7 ms after impact. This phenomenon can be ex-
plained by the muzzle gases extruded into the wound channel
and nebulizing the liquid triple-contrast mix when subse-
quently ejected back through the entrance wound at the col-
lapse of the temporal cavity, an effect which was shown [5]
and explained before [43]. Yet, apparently, the major part of
backspatter generation is due to the “burst” effect directly after
impact. In real comparable contact shots to the head though,
the scalp will be tighter and thicker and may withstand higher
amounts of transmitted energy without ripping apart as easily
as the rubber coat covering our models. Therefore, neither the
extent of this effect nor the shape of the wound will closely
approximate real cases. As a more severe manifestation, it
could roughly be compared with the backspatter effect caused
by a subcutaneous gas pocket [44]. Also, the burst entry
wound caused the undesired effect of the contrast bag being
exposed to the outside and partly destroyed, with its fragments
then possibly creating pseudo-backspatter stains on the skull,
weapon, and/or hand, or influencing the overall flow of
backspatter. An additional stronger skin simulant could be
considered for further uses of the model, depending on the
focus of research as this would also allow for genuine “hard”
contact shots. Rubber coating as periosteum or skin simulant
merely acts as a threshold velocity filter [28] and cannot ef-
fectively envelop the muzzle, which may also be a reason for
the blank cartridge shots having failed to penetrate the skull.
Given numerous cases of fatal shots delivered by blank car-
tridge guns, especially in attempted suicides [45-47] and re-
garding successful applications of backspatter analysis [12],
further experiments may be envisioned.

Wound channel evaluation was possible in skull models
after pistol shots, with the optical evaluation outperforming
radiological imaging. The quality of the latter obviously cor-
relates with the amount of triple-contrast mix in the bullet
track, but also with professional experience in radiological
image procession. Similar experiments showed a good corre-
lation between optical and radiological imaging [48]; thus,
this additional analytical option should be optimized and not
excluded. For the unusual damage pattern at skull model no. 1,
it is possible that the bullet had been slowed down by the bag
and then deflected or deformed. This remained undecided,
however, as neither the shape of the exiting bullet could be
discerned from the high-speed video recording nor could the
bullet be identified and retrieved from the bullet trap.
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Further fracture analysis is well possible with our skull
model, but was not focused upon here. A complete
destruction/fracturing of the bones by shotgun slugs with
ejection of the gelatin brain is comparable to massive
injuries encountered in real cases, where the so-called
“Kronlein shots” may occur [34, 49], but where skull
fragments generally are better held in place by the skin.
The fracture development in our model following pistol
shots seems in principle comparable to real cases and
experiments with handguns, as described in [50, 51].
The artificial suture between the model’s hemispheres
has yet to be taken into account. Mahoney et al. used
Likert-type scaling for the assessment of their polymeric
skull models [22], a method which would be applicable
for our model as well. SYNBONE polyurethane bone
simulants have been used by several groups for gunshot
[52, 53] or other experiments [54] and were macroscopi-
cally found to behave satisfactorily comparable to human
bone, yet acknowledging distinct differences on a micro-
scopic level [55, 56]. The estimated speed of the fracture
development comes close to the speed of the bullets,
which matches the observations in shots to real cranial
bones [57].

According to our observations from the video recordings
and the shooting site, there is no distinct correlation between
backspatter droplet size and traveling distance, confirming
observations of Karger et al. who performed shots to calf
heads [58]. The shape of the visible backspatter marks on
the gun and hand of the shooter ranged from dots and smears
to elongated shapes and “exclamation marks” which can be
attributed to the direction of their origin, depending on the
velocity and angle at the time of the impact. This is consistent
with earlier studies about characteristics of backspatter pat-
terns at close range shots on calves [6] or blood-filled sponges
[59].

Conclusion

An anatomically correct skull model comprising a commer-
cially available and standardized SYNBONE skull replica
covered with rubber, an internally attached triple-contrast
mix (blood — acrylic paint — contrast agent) reservoir as source
of trace material, and a core of 10% ballistic gelatin as brain
simulant was tested for its usability and suitability in molecu-
lar ballistic backspatter research. The model was intended as a
closer approximation to and for better comparability with real
gunshot scenarios to the head than offered by previous head
models. The results were promising and regarded as proof of
principle. Backspatter was produced by both pistol and shot-
gun shots and could successfully be analyzed by forensic
DNA profiling. Limitations are conceded in fracturing
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simulation and further work is needed to optimize the difficult
preparation process.
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