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Abstract

Blunt abdominal organ injury is an abundant and relevant topic in forensic medicine
yet comparatively few experimental studies have been performed to quantify organ
injury threshold parameters. The goal of this study was to relate an impact to a kidney
injury determining an energy threshold while taking account of the influence of the
overlaying soft tissue thickness. A model consisting of ballistic gelatin with an
embedded filled porcine kidney was made such that a gelatin layer of 2 or 4 cm
thickness covered the organ. An impactor was dropped on this model from different
heights and the resulting organ damage was categorized according to the abbreviated
injury scale (AIS). The 50% energy threshold for damage and the 50% energy
threshold causing injuries > AIS 3 were determined for the two protecting soft layers
to be 22 J and 32 J and 27 J and 36 J, respectively. A finite element model was
created to determine the strain energy densities at the depth of the organ’s surface for
these energies. The strain energy densities for the 50% damage thresholds were
88.9 mJ/cm® and 86.7 mJ/cm® for 2 and 4cm and for the injuries > AIS 3
104.2 mJ/cm® and 98.7 mJ/cm’. For forensic cases this means that the thickness of
the abdominal layers must be taken into account when the severity of an injury is
used to draw conclusions about the applied impact strength.
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Introduction

Abdominal organs are very susceptible to trauma caused by blunt impacts because they are not
protected by bony structures. In traffic accidents abdominal lesions are besides brain injuries
[1-4] the cause of the second most fatal injuries. Apart from traffic accidents, more localized
impacts can occur when less-lethal impact weapons (LLIW) are involved or when a victim is
being hit or kicked in an assault. From the use of LLIW and the medico-legal point of view, the
question of how much energy is needed to cause a serious injury to an organ becomes apparent.

In this study we focus on the kidney, an organ only partially protected by the ribs and therefore
vulnerable but at the same time very important in filtering blood.

A number of studies had already been performed with the purpose of understanding the
mechanical response of a kidney under impact load on human [5], porcine [6-15], and simian
kidneys [16].

Melvin et al. [ 16] measured the maximum stress and strain and the strain energy density (SED)
related to the organ injury. Although, their number of tests was very limited, they reported the
appearance of first lacerations at a strain energy density of 27 mJ/cm®. Bschleipfer et al. [11]
found first lesions at an energy of 1.4 J, a force of 160 N, and at an acceleration of 132 m/s’.
They determined an energy threshold of 4 J for lesions measuring more than 60% of the
craniocaudal length of the organ. Snedeker et al. [12] performed tests on samples of the renal
cortex and on whole organs measuring the SED. Their samples ruptured within a range of 25-
60 mJ/cm?, whereas whole organs ruptured within a range of 15-30 mJ/cm?® corresponding to
an impact energy of 2.7-4.6 J. In a later study [13] they claimed the impact energy to be the best
predictor of injury. They also confirmed the 4 J energy threshold for injuries with an
abbreviated injury scale (AIS) grade 3 found by Bschleipfer et al. [11] at a corresponding SED
of 25 mJ/cm’. Further investigation by the same group [14] yielded to a 50% threshold of the
SED of 21 mJ/cm? for an injury level AIS 3 and higher. Additionally, they developed a finite
element method (FEM) model of the kidney, which allowed visualizing the SED distribution
over the whole organ during the impact. At an impact of 4 J a large region of the parenchyma
reached a SED higher than 60 mJ/cm?®. Finally, Umale et al. [15] confirmed the 4J threshold for
kidney injury.

In all these studies the tissue samples or organs were placed on a solid surface and impacted
directly without taking overlaying soft tissue into account. For this reason, these threshold
values cannot easily be transferred to humans where the organs are surrounded by soft tissue.

The goal of this study was to relate a blunt impact (e.g. of a LLIW projectile) and its
mechanical parameters of impact energy and strain energy density to the injury severity and to
investigate the influence of the overlaying soft tissue thickness. For this reason a gelatin model
with an embedded organ mimicking a human body was chosen disregarding the protective
influence of any bone structures. A FEM model using material parameters derived from the
literature was developed to correlate experimental data to strain energy density values to predict
organ responses and possible injuries to blunt impacts.



Materials and Method

All experiments were performed using pig kidneys, since several publications revealed that the
stress-strain curves of porcine kidney [8,9,17] coincide with those of human kidney [5,9,17].
Besides, it was not possible to obtain human kidneys of the necessary numbers.

The pigs were slaughtered in a common slaughterhouse with the adipose capsule, ureter, and
the renal vessels left intact. Shortly after, they were stored at 4 °C. Within the next 12 hours the
organs were taken out of the fat capsule and perfused with a saline solution. This was done
through the artery until the liquid exited through the vein, with the saline solution bag hanging
1.4 m above the kidney to simulate a physiological pressure. The organs were weighed before
(mean mass 193+30g) and after the filling resulting in a mean filling mass of 26+10g (n=101).
Kidneys with obvious cysts or any kind of damage were excluded. The age of the slaughtered
pigs was unknown.

As a soft tissue simulant around the kidneys ballistic gelatin Type 3 from GELITA at 10wt%
and 4 °C was used. The stress-strain curves of gelatin [18,19] are within the dispersion of
porcine muscle [20], rabbit muscle [20], and human muscle, skin, and fat [21] .

To fit the soft tissue dimensions covering the kidney in humans the best, we used the values
from CT-scans of 15 male and 15 female dead bodies of normal weight from the institute’s
medico-legal data base. For each scan, the distance between body surface and kidney surface
was recorded. The mean value for females was 32 mm [male 40 mm], the maximum 43 mm
[55 mm], and the minimum 16 mm [17 mm]. Based on these results a gelatin layer thickness of
2 and 4 cm (error £5 mm) was chosen for the experiments.

To prepare the body model, the liquid gelatin was filled into a mold of 25 x 40 cm to a height
of 9 cm. After hardening the gelatin in the refrigerator (12 h at 4 °C), a filled kidney organ was
placed on top of it and an additional layer of gelatin was poured over such that the organ was
covered with a gelatin layer of either 2 cm or 4 cm thickness. The liquid gelatin had a
temperature of 34°-39 °C in order not to exceed the body temperature of a living pig causing
any damage to the organs. The blocks were refrigerated again at 4 °C for 24 to 48 hours. The
two gelatin layers bound together well and stayed bound ever after the impact.

The gelatin blocks were then placed below a drop tower with an impactor having a round tip
with a diameter of 5 cm and a mass of 2.032 kg (see Fig. 1). An acceleration sensor (Kistler K-
Shear Accelerometer 8704B500) was attached to the impactor. It was connected to an amplifier
(Kistler 5015A) and the data was recorded during the drop tests by a TraNET FE (Elsys)
transient-recorder at a sampling rate of 1 MHz.

The impactor was dropped from a height, measured by a laser rangefinder, between 0.6 and
1.8 m for the 2 cm gelatin layer and from 1.4 to 2.2 m for the 4 cm layer. The height was
changed in steps of 0.2 £0.005 m. The difference between each step (0.2 m) corresponds to an
energy increment of 4 J. Per energy level, at least 8 organs were tested. In total, 61 organs were
impacted with a 2 cm top layer and 40 with a 4 cm top layer. The gelatin temperature was
regularly measured during the drop tests; it never exceeded 6.5 °C. This guaranteed that the
mechanical properties of the gelatin stayed constant during the length of the experiment [19]
and are comparable to soft tissue. We are however well aware that choosing a sample
temperature of around 4 °C instead of body temperature surely influences the stress-strain



behavior of the kidney. This means that the threshold values determined in this study have to
be considered as the upper limit for kidney injury.

Additionally, for each height, 3 impacts were performed on gelatin blocks of the same
dimensions but without an embedded organ. The acceleration signals of the impactor were
recorded for comparing to results derived from a FEM model developed for the present study.
This could be done since the stress-strain curve of ballistic gelatin at 4 °C [18,19] almost equals
that of porcine kidneys [7-9,17]. The FEM model was done using Abaqus/CAE 2016,
combining an axisymmetric geometry with a Mooney-Rivelin material model with parameters
c; = 4558 Pa and c, = 7442 Pa [18]. These values were determined by matching the
parameters of a FEM model to the experimental data of a compression experiment on gelatin
performed under a strain rate of 0.208/s, which fits the strain rates used in this study (0-40/s).
The FEM model allows to determine the maximum strain energy density (SED) inside any
voxel of the gelatin model. The maximum SED was determined inside the voxel (volume V =
0.19 cm?®) located on the symmetry axis at a depth of 2 cm and 4 c¢m, respectively and at the
time corresponding to the maximum deformation.

To visualize the deformation of the kidney under impact a few impacts were recorded with a
high speed (HS) camera (Photron FASTCAM SA-X2) set to 2000 fps illuminated by a LED-
Booster light source. For this reason the gelatin blocks with the embedded kidney were placed
in a glass container filled with cold water (4 °C) up to the top surface of the gelatin. This allowed
us to take pictures through a perfectly smooth surface taking advantage of the close refractive
index between water and gelatin. Care was taken that the water did not cover the top surface or
influenced the measurement in any other way.

After the impact the organs were removed from the gelatin and examined visually for injuries,
which were photographically documented. The organ was then cut and the depth of the
lacerations and affected structures were documented. The injuries were classified according to
the abbreviated injury scale (AIS) [22] see Table 1. As the study was done in vitro, only
lacerations but not contusions could be considered. The organs were first categorized into
damaged and undamaged. Additionally, the damage was categorized in injury severity <AIS 3
or >AIS 3 because from a clinical point of view, injuries above AIS 3, often require surgery
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Fig. 1 Schematic setup, dark orange shows the part of the gelatin block that was first
hardened, the light orange is the gelatin that was filled around the organ



[23-25]. The probability of a damage and a damage >AIS 3 was calculated for each height
(number of damaged organs divided by total number of organs).

Table 1 Abbreviated injury scale (AIS) of the kidney [22]

AIS Injury description
Contusion;
2 subcapsular, nonexpanding; confined to renal retroperitoneum; minor; superficial
3 subcapsular, >50% surface area or expanding; major; large
Laceration;
2 <1 cm parenchymal depth of renal cortex, no urinary extravasation; minor; superficial

>1 cm parenchymal depth of renal cortex, no collecting system rupture or urinary
extravasation; moderate

extending through renal cortex, medulla and collecting system; main renal vessel injury
with contained hemorrhage; major

5 hilum avulsion; total destruction of organ and its vascular system

Results

The kidney injuries caused by the impactor ranged from small tears to large destructions
reaching the renal sinus fat tissue and renal collecting system. However, even for the strongest
impacts no tears were found inside the medulla and the collecting system, which means that no
damage corresponding to the category AIS 4 was caused by the impact energies applied in this
study.

Typical kidney damage pictures of AIS 3 injuries can be seen in Fig. 2. On the impact side
(A) the biggest damage is located underneath the impact area. On the opposite side (B) the
damage is located foremost to both sides of the kidney. These tears were caused by the strong
bending of the organ, which can be seen in the image taken 21.5 ms after the impactor had
touched the model surface (see Fig. 3). The cut through the kidney clearly reveals that the tears
did not reach the renal sinus fat tissue and renal collecting system (Fig. 2C). The high speed
images taken during the interaction of the impactor (Fig. 3) with the embedded kidney show
the gradual deformation of the kidney. Although the impactor strongly compressed the gelatin-
kidney sample, the gelatin surface remained undamaged during the impact (see Fig. 3 after

" :

- - o e % L7 | & k¢ | s
1 [ ] Lyl L T

ullll\'l_\lll[\,ullw _wl'IlH f

Fig. 2 Typical damage of the kidney corresponding to AIS 3: (A) impact side of the kidney,
(B) opposite side of the impact, (C) cut through the kidney showing the damaged tissue with

intact medulla and collecting system. Impact energy = 32 J, gelation layer thickness = 2 cm



impact). The turbulences seen near the surface of the model in front of the impactor (Fig. 3 at
21.5 ms) visualize the water flow caused by the strong deformation of the model inside the glass
container.

The 50% probability for kidney damage was found to be at an impact energy of 22 J for the
kidney covered by a 2 cm thick gelatin layer and of 32 J for a layer thickness of 4 cm (see Fig.
4). The 50% probability value for generating a kidney injury of a scale >AIS 3 was found at
27 J and 36 J for the 2 cm and 4 cm thick gelatin layer, respectively (Fig. 5).

The comparison of Fig. 4 and Fig. 5 reveals that an increase of the covered gelatin layer
thickness from 2 cm to 4 cm increases the 50% probability threshold in both cases by about
10J.

Fig. 3 High speed images of the impact. Example with an impact energy of 36 J and a gelatin
layer of 4 cm. First, local deformation on the organ (t = 8 ms), then the whole organ is pressed
into the gelatin. At 21.5 ms the deepest position is reached. At t = 21.5 ms some water
turbulences can be seen on the surface of the sample. A comparison between the first and the
last image reveals that the gelatin block was not damaged by the impact. The white arrows
indicate the surface deformation of the gelatin
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Fig. 4 Damage probability values for a classification in damaged and undamaged. Black lines:
fit of the cumulative distribution. Vertical gray lines: 50% threshold values
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Fig. 5 Probability for a damage >AIS 3. Black lines: fit of the cumulative distribution. Vertical
gray lines: 50% threshold values

The almost perfect agreement of the acceleration data measured during experiments
performed with an organ embedded into gelatin and with just a gelatin block without an organ
revealed that the mechanical properties of ballistic gelatin indeed mimic kidney tissue. The only
difference found was that the experimental results obtained with an embedded organ showed a
stronger scattering due to variations of shape and size of the embedded organs. This fact
encouraged us to develop a FEM model based on gelatin data.

Fig. 6 shows that the experimental results of the acceleration agree very well for all the
considered drop heights with the values derived from the FEM model using material parameters
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Fig. 6 Acceleration data of the impactor for a height of 0.6 m corresponding to an impact energy
of 12 J and a height of 1.4 m corresponding to an energy of 28 J compared to the Mooney-
Rivelin model using the mechanical parameters proposed by Liu et al. [ 18]



published by Liu et al. [18]. Only after about t = 40 ms deviate the simulated from the
experimental values. This deviation can be explained by contact friction, which makes the
gelatin stick to the impactor surface during the rebound phase as seen in Fig. 7, which shows a
simulation of the impactor when retreating from the gelatin. This deviation between model and
experiment appearing only in the pullback phase of the impactor did not influence the derived
maximum SED values calculated for the 50% energy threshold values derived from Fig. 4 and
Fig. 5.

For the damage threshold a strain energy density value of 88.9 mJ/cm? (2 cm gelatin layer)
and of 86.7 mJ/cm® (4 cm layer) was found. Using impact energies causing a 50% probability
of an injury severity of >AIS 3 strain energy densities of 104.2 mJ/cm® at 2 cm and of
98.7 mJ/cm® at 4 cm were found.

Discussion

Fig. 7 Axisymmetric model of the impactor retreating from the gelatin at 0.05 s (black arrow
indicates direction). Impact energy E =36 J. The gelatin block shows the chosen mesh with the
SED distribution. Enlarged: Section showing the interface between the impactor and the gelatin
with the gelatin sticking to the impactor (red arrow)

The goal of this study was to determine the threshold energy for kidney injury when the organ
is embedded into soft media. The good agreement between the experimental acceleration data
measured on the impactor when hitting the sample consisting of ballistic gelatin with and
without an embedded organ and the simulated ones based on the Mooney-Rivelin material
model using experimentally determined parameters (see Fig. 6) confirmed that ballistic gelatin
at 4 °C is an ideal substance to simulate mechanical properties of soft tissue. In consequence,
the strain energy density calculated by the FEM model under an impact energy corresponding
to the 50% damage threshold (see Fig. 4 and 5) seems to provide a realistic picture of kidney
injury. This is supported by the fact that the SED at the 50% damage threshold was found to be
independent of the thickness of the soft tissue layer covering the organ. The fact that the SED



values related to an organ injury determined in this study are much higher than values found in
the literature [ 11-16] has three reasons: (i) the literature data were obtained by slowly squeezing
tissue samples or the whole organ between two hard plates which hindered the organ to bend
as expected in a realistic situation of blunt impact; (i) the literature data represent mean values
over a large sample volume or even the whole organ whereas our data display the SED inside
one single voxel; (ii1) in this study the organs were surrounded by gelatin, which has a protecting
effect on the organ.

The studies found in the literature reported a threshold value for injuries with an AIS 3 of4J
[11,13-15] and for a first sign of kidney injury at 1.4 or 2.7 J [11,12], which are at least 5 times
lower than the values determined in this study (see Fig. 4 and 5). This large discrepancy is again
caused by the difference in the experimental setup. Whereas in the experiments performed by
Umala et al. [15] and Schmitt et al. [13] the organ was hit directly by the impactor, the organs
in this study were covered and surrounded by soft gelatin. A 2 cm increase of the layer thickness
leads already to a 10 J increase of the threshold. In addition, the threshold energy is increased
by the presence of a soft background. In a forensic case the thickness of the abdominal layers
must therefore be taken into account if the severity of an injury is used to retrieve the applied
impact energy. This means that for example an AIS 3 kidney injury on an obese person must
have been caused by a much stronger impact than on a slim person.

Our results can be put in context with the use of LLIWs. For the worst case scenario
investigated in this study with a hard projectile, no attenuation of clothing, and a hit on the soft
tissue above the organ on a slim person (abdominal layer of 2 cm) the impact energy must be
kept below approx. 10 J (corresponding to a 10% threshold value) to be sure to avoid any
damage to the kidney. If there is a willingness to take injuries of an AIS 2 into account the
impact energy must stay below approx. 15 J (10% threshold value). These energies can however
be higher if the projectile has an attenuating structure.

As an example, some of the Swiss police force is using the SIR projectiles (manufacturer
B&T). A minimum safety distance of 5 m was defined corresponding to an impact energy of
109 J!. For a worst case scenario of a hypothetical incompressible projectile this energy takes
injuries far exceeding AIS 3 into account. In reality the clothing, the partial protection of the
ribs, the attenuating soft surface of the SIR projectile and a usually larger distance between
LLIW and the person shot at reduces the risk of a severe kidney injury. For example, the initial
energy of 109 J drops to 36 J at a distance of 95 m and to 27 J at a distance of 122 m'. The
influence of the attenuating structure for different projectile compositions should be subject of
further investigation.

Although, only kidneys were investigated in the present study the determined energy threshold
values could also be used at least as a first assumption for other organs having similar
mechanical properties such as the liver. The application of these results to other organs and in
a next step the additional protective influence of bones (ribs) must also be further investigated
to be able to give the authorities scientifically validated damage threshold values.

! Data taken from internal measurements



Conclusion

The investigations showed a clear correlation between the impacting energy and the resulting
organ damage. It was further shown that the soft tissue surrounding the organ strongly affects
the threshold of the impact energy. The results of this study show that in forensic cases the
abdominal layer thickness must be considered when an impact energy is to be determined from
the injury.
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