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Abstract: Biomechanical tests typically involve bending, compression, or shear stress, while fall tests
are less common. The main challenge in performing fall tests is the non-reproducible directionality of
bone when tested with soft tissue. Upon removal of the soft tissue, the explanted bone’s resistance
to impact diminishes. Therefore, ballistic gels can fix specimens in reproducible directions and
simulate periosteal soft tissue. However, the use of ballistic gels in biomechanical studies is neither
standardized nor widespread. This study aimed to optimize a ballistic gel consistency that mimics
the upper thigh muscle in sheep. Our results suggest a standardized and flexible evaluation method
by embedding samples in ballistic gel. Compression tests were conducted using cylindrical pieces
of gluteal muscle from sheep. Various compositions of agarose and gelatin mixtures were tested to
achieve a muscle-like consistency. The muscle-equivalent ballistic gel was found to consist of 29.5%
gelatin and 0.35% agarose. Bones remained stable within the ballistic gel setup after freeze–thaw cycles
between −20 ◦C and +20 ◦C. This method reduces the variability caused by muscle and improves
storage quality, allowing for tests to be conducted under consistent conditionsBallistic gels of agarose
and gelatin are suitable for bone fracture models. They have muscle-like strength, fix fractures
simultaneously, are inexpensive to produce, and can be stored to allow repeated measurements of the
same object with changing questions.

Keywords: ballistic gel; fracture model; pressure loads; biomechanical testing

1. Introduction

Biomechanical testing is crucial in medical research related to human fractures, par-
ticularly in forensic medicine and military science, to study the directionality and efficacy
of projectiles [1,2]. In experimental research setups, artificial bones (e.g., Sawbone®) are
frequently used to establish baseline data and testing protocols during the initial phases.
However, for more accurate and representative results that approximate living bone under
physiological and pathological conditions, the use of biological bones from animal or hu-
man origins is necessary. These biological specimens provide more realistic responses due
to their complex structure and composition. Recent research is increasingly focusing on
the soft tissues, as these can absorb part of the energy and thus influence the effects on the
bone [3,4]. Typically, biomechanical tests involve compression, flexure, or shear tests with
permanently fixed objects without considering recapitulating the soft-tissue coverage [5].
These tests provide insights into the mechanical loading and failure characteristics of bones,
implants, and their connections under repeated low-impact stresses, focusing primarily on
material fatigue. However, such setups do not adequately simulate falls, which generally
impose high-impact loads on localized areas, potentially causing complex fractures such as
those of the proximal femur.
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In forensic investigations of high-impact injuries, such as gunshot or stab wounds,
bone fragmentation is recorded with high-speed cameras [6,7]. Compression or shear tests
on non-embedded, thawed specimens are constrained in terms of procedural flexibility and
temporal limitations. Embedding test objects in a ballistic gel of gelatin allows for spatial
and temporal independence in evaluation, facilitating advanced imaging techniques such
as X-ray, micro-CT, and MRI. This methodological improvement enables comprehensive ex
vivo testing and data collection independent of the samples’ timing, storage, and age. Yet,
reconstructing the dispersion of bone fragments within soft tissue remains challenging [2,8].
This necessitates additional testing using tissues embedded in ballistic gels. To make
realistic assessments of the behavior of objects under accident conditions or indirect force,
impact tests using pendulum or drop mechanisms are performed, requiring objects to
be securely fixed. Ballistic gels, extensively used in forensic and military applications,
provide a solution by simulating the mechanical properties of soft tissues under various
testing conditions [9–11]. Depending on the test setup, these gels, made from agarose
or gelatin, can secure projectiles and tissue fragments or simulate the strength of human
tissues (e.g., brain, breast, blood vessels) [12]. Moreover, ballistic gels are employed in
medical research as phantoms for internal organs, such as the lungs and prostate, facilitating
standardized testing protocols [10,13,14]. The primary advantages of using ballistic gels
over non-embedded native tissues include cost-effectiveness, versatility, reproducibility,
remeasurement under controlled conditions, and ethical considerations [13,15,16]. Despite
these benefits, the static mechanical properties of these gels often do not align with the
dynamic requirements of medical biomechanical testing [17]. Ballistic gels often have a
different, usually lower, modulus of elasticity than the tissue to be compared [18].

Experimental fracture models impose specific demands on the embedding medium.
These settings rarely involve high-rate energy transfer, as seen in projectile impacts, or
low-rate energy transfer, typical of mechanical interventions like surgical simulations [15].

Research has demonstrated that biological tissues exhibit different responses at high
strain rates than at low strain rates [1,19,20]. Consequently, the behavior of native tissue
under test conditions is non-linear, necessitating the use of ballistic gels that closely mimic
the mechanical properties of the tissues being studied [21]. To accurately assess bony
materials in drop tests, it is imperative to identify an appropriate medium to fix the
test specimens. Traditionally, ballistic gels have been used to embed and fix specimens
without replicating the mechanical strength of the periosteal structures. While this is
often sufficient for many research questions, it is inadequate for fracture models where
simulating the periarticular and periosteal tissues is crucial due to their significant influence
on fracture mechanics [22]. Ballistic gels employed in drop tests should possess a Young’s
modulus comparable to periosteal tissue [23]. Previous studies, such as the work by Van
Sligtenhorst et al., have compared the elasticity of bovine muscle fibrils to that of gelatin [24].
Despite the potential benefits, the application of ballistic gels in biomechanical studies
lacks standardization.

To test this hypothesis, we performed a series of compression tests on cylindrical
samples of sheep gluteal muscle and compared the results with various ballistic gel com-
positions. The innovative aspect of this research is the establishment of a standardized,
reproducible method for embedding bones in ballistic gel, thereby simulating the mechan-
ical behavior of soft tissues during biomechanical tests. This approach also allows for
consistent sample handling and storage, minimizing the variability caused by different
handling techniques and storage conditions.

This study addresses critical gaps in previous research by enhancing the consistency
and reproducibility of ballistic gels. It provides a practical embedding medium that repli-
cates the mechanical properties of muscle tissue, facilitating more precise biomechanical
testing and potentially increasing the reliability of experimental fracture models. Moreover,
the findings of this study have broader implications for forensic and military science, where
understanding tissue behavior under varying conditions is essential.
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2. Results and Discussion

A force of at least 400 N was calculated as necessary to break the proximal femur of
the sheep in a drop test. To determine the properties of a suitable gel equivalent to the
periosteal and muscular tissue, a compression test was used with a pressure-measuring
device and an associated test program. A test series of 32 different gel combinations was
conducted to identify the best match for simulating the periosteal structures.

First, ballistic gels of pure gelatin were produced and tested according to known
protocols. Additionally, gels of pure agarose at different concentrations were tested. We
found that gels with a composition of 0.35% agarose and 29.5% gelatin were comparable to
the tested muscle tissue in terms of biomechanical requirements, showing values of 364 N
compared with 399 N (p < 0.05).

Singular gels (Table 1, samples 4–5: gelatin 20%; samples 6–7: agarose 1.24%) were
tested against the unfixed muscle of pigs (Figure 1). These muscle samples achieved values
of 200–291 N, and thus did not reach the possible 400 N of the test apparatus. The singular
gelatin or agarose gels, with an average maximum force of 90 N for gelatin and 22 N for
agarose, also missed the required values. Some component gels of agarose and gelatin
(samples 8–9: gelatin 19.8% + agarose 1.0%) showed better results than singular gelatin
(max. 90 N) (Figure 1).

Table 1. Testing ballistic gels (sample-no. 4–10) with singular component vs. pig muscles (sample-no.
1–3) (force max = 400 N).

Sample-no. Source L0
(mm) F.max (N) dL to F.max

(mm)

1 Pig 14.38 205 9.3

2 Pig 10.6 291 5.5

3 Pig 13.45 265 8.4

4 Gelatin 20% 25.04 48.8 12.8

5 Gelatin 20% 25.07 90.7 15

6 Agarose 1.24% 21.85 21.4 4.6

7 Agarose 1.24% 24.04 22.5 4.9

8 Agarose 1% and gelatin 19.8% 25.25 84.3 13.6

9 Agarose 1% and gelatin 19.8% 25.87 89.9 13.8

10 Agarose 1% and gelatin 19.8% 25.68 79.3 13.5

The statistical analysis provides a detailed comparison of the sources. Pig samples
have the highest mean F.max (253.67 N) but the lowest mean L0 (12.81 mm). Agarose
1% and gelatine 19.8% has the highest mean L0 (25.6 mm) and the second-highest mean
F.max (84.5 N). Gelatin 20% has a similar L0 to agarose 1% and gelatin 19.8%, but a lower
F.max. Agarose 1.24% has the lowest mean F.max (21.95 N) and the second-lowest mean L0
(22.94 mm).

The ANOVA test shows a significant difference in F.max (N) among the different
sources (F-statistic = 33.85, p-value = 0.00037), indicating that the maximum force (F.max)
varies significantly depending on the source material. The scatter plot illustrates the
relationship between L0 (mm) and F.max (N) for each source, while the box plot shows the
distribution of F.max (N) for each source.

The low values were not based on a failure of the musculature, but on the destruction
of the cell structures. In the red muscle tissue, there was no tissue tearing at room tempera-
ture. Rather, the tissue was crushed early, and the incorporated cell-bound fluid escaped.
Veritable pressures could not be achieved in this way. By better fixing the muscle tissue
and adjusting the force cut-off threshold to 400 N, comparability between gel and muscle
could be achieved.
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The testing machine was configured accordingly for the values (max. deformation,
force cut-off threshold, upper force limit), and a test end was determined. When testing
various muscle preparations, reaching the previously set upper force limit of 400 N led to
the end of the test. (The maximum deformation of 50% (force cut-off threshold) was not
reached here because the upper force limit had been reached previously). The gels of the
test series were then tested with different compositions of agarose and gelatin. Gels with a
high agarose content could not bind enough water, and therefore showed too little elasticity
during testing. They burst before the end of the stamp test. If the gels had a high gelatin
content, water was better bound in the gel, but the gels did not resist the stamp sufficiently
and showed a “flow”. The test series showed an inverse proportional correlation between
compressive strength and agarose content. With a lower agarose content, the compressive
strength of the gel increased.

We found that gels with a 0.35% agarose and 29.5% gelatin composition were compa-
rable to the tested muscle tissue for the biomechanical requirements (sample 1–3: 364 N
acc. to sample 4–6: 399 N, testing temperature 17–19 ◦C, p < 0.05).

During the testing of various gel preparations, reaching the previously set force cut-off
threshold (50% of F max) or breaking the test object led to the end of the test (Table 2, Figure 2).
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Table 2. Testing ballistic gels with two components (sample-no. 1–3) vs. sheep muscle (sample-no.
4–6) (force max = 400 N).

Sample-No. Source L0
(mm) F.max (N) dL to F.max

(mm)

1 Gel 32.09 399 12.1

2 Gel 32.57 399 12.6

3 Gel 30.29 398 11.5

4 Sheep 41.70 364 15.2

5 Sheep 40.71 365 14.6

6 Sheep 40.76 361 14.3
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2.1. Results of Compression Measurements

The test series included singular gels with defined gelatin content (25%) and defined
agarose content (1.25%). These were compared with combined gels (25% gelatin and 1.25%
agarose) and porcine muscle tissue (Tables 1 and 2). The musculature of sheep, which
has a higher myoglobin concentration and more S-fibers than that of pigs, was also tested
to simulate periosteal tissue realistically. Tests with non-fixed sheep muscle tissue were
conducted under laboratory conditions and compared with agarose–gelatin gels (29.5%
gelatin and 0.35% agarose). Preliminary tests with different concentrations of gelatin and
agarose were performed to find the optimal composition for simulating sheep muscle tissue.

The musculature of sheep has a significantly higher myoglobin concentration with S-
fibers than that of pigs. Because the periosteal tissue of sheep’s femora should be simulated
as realistically as possible, further experiments were carried out with non-fixed muscle
tissue from sheep. This was tested under laboratory conditions for compressive strength
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(samples 1–3) and compared with agarose-gel (samples 4–6; gelatin 42% and agarose
0.5%). To adapt the gels to sheep muscle, preliminary tests were performed with different
concentrations of gelatin and agarose in small cylinders (<50 mL). Gels that did not pass
the digital mechanical and optical tests were discarded. The gels with mixing ratios that
appeared favorable were then further specified.

The results for periosseous muscle tissue were followed by a test series of ballistic gels
with different ratios of gelatin and agarose (Table 2).

For use in the experimental setup, the ballistic gel was subjected to the usual cooling
process and multiple changes between storage at −20 ◦C and investigations (X-ray, CT
scan) at cooling temperatures (4–6 ◦C) and local heating by the energetic radiation in the CT.
At the same time, the repeatability of the examination by X-ray and the optical control of
the same femur at different times had to be ensured. The gel should not allow any changes
to the object (Figure 3).
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Figure 3. Histogram showing the distribution of viscosity values across all samples. The histogram
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In this composition, ballistic gels with polysaccharides and proteins are comparable to
periosseous tissue (musculature) and meet the requirements for biomechanical testing.

2.2. Rheology

We analyzed the rheological properties of the gel samples, focusing on viscosity and
other related parameters. The viscosity measurements showed considerable variation
across the samples, with a mean viscosity of 1517.485 Pa·s and a standard deviation of
890.16 Pa·s. The viscosity ranged from 1080.55 Pa·s to 3708.97 Pa·s. A Shapiro–Wilk test for
normality yielded a p-value of 1.25 × 10−5, indicating that the viscosity data significantly
deviates from a normal distribution (Figure 3). This non-normal distribution suggests the
need for non-parametric statistical tests for further analysis.

Further analysis of the rheological properties revealed that the mean force was 62.19 N,
with a standard deviation of 19.95 N and a range from 46.22 N to 109.64 N. The Shapiro–
Wilk test p-value was 0.0015, indicating a deviation from normality. For displacement, the
mean was 0.01 m, with a standard deviation of 0.00 m and a range from 0.00 m to 0.01 m.
The Shapiro–Wilk test p-value of 0.7206 suggested a normal distribution. The syringe
diameter had a mean of 0.01 m, with a standard deviation of 0.00 m and a range from
0.01 m to 0.01 m, with a Shapiro–Wilk test p-value of 1.0000, indicating normality. The mean
flow rate was 0.00 m3/s, with a standard deviation of 0.00 m³/s, a range from 0.00 m3/s to
0.00 m3/s, and a Shapiro–Wilk test p-value of 0.6757, suggesting normal distribution.

The mean shear rate was 56.02 s−1, with a standard deviation of 9.72 s−1 and a range
from 37.59 s−1 to 68.11 s−1, with a Shapiro–Wilk test p-value of 0.7137, indicating normality.
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For shear stress, the mean was 79,029.37 Pa with a standard deviation of 25,375.68 Pa and a
range from 58,772.29 Pa to 139,406.98 Pa. The Shapiro–Wilk test p-value of 0.0015 indicated
a deviation from normality. The viscosity had a mean of 1517.48 Pa·s, with a standard
deviation of 890.16 Pa·s and a range from 1080.55 Pa·s to 3708.97 Pa·s, with a Shapiro–
Wilk test p-value of 0.0000, indicating a non-normal distribution. The mean pressure was
791,795.84 Pa, with a standard deviation of 253,995.42 Pa and a range from 588,491.32 Pa
to 1,395,979.84 Pa, with a Shapiro–Wilk test p-value of 0.0015, indicating a deviation from
normality. The mean flow velocity was 0.01 m/s, with a standard deviation of 0.00 m/s and
a range from 0.00 m/s to 0.01 m/s, with a Shapiro–Wilk test p-value of 0.6757, suggesting
normal distribution.

These rheological properties provide essential insights into the material characteristics,
which are crucial for further biomechanical applications. The viscosity measurements, in
particular, displayed considerable variation, with a wide range and significant standard
deviation. Most parameters showed a relatively normal distribution except for force, shear
stress, viscosity, and pressure, which significantly deviated from normality.

These findings are visually confirmed by the box plots (Figure 4).
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The box plots show the distribution of each parameter across different samples, helping
visualize the spread, central tendency, and potential outliers for each rheological property.
The correlation matrix heatmap displays the correlations between different rheological
properties, with stronger correlations represented by darker colors and weaker correla-
tions by lighter colors (Figure 5). These visualizations offer additional insights into the
relationships between the various rheological properties.
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Figure 5. Heatmap displaying the correlations between different rheological properties. Stronger
correlations are represented by darker colors, while weaker correlations are shown in lighter colors,
providing insights into the relationships between the various properties.

2.3. Discussion

In living organisms, bones are surrounded by periosteal tissue, which, depending on
its arrangement and structure, prevents major dislocation of fragments in the event of a
fracture. This tissue offers resistance to applied force similar to that of bone. According
to Hill’s muscle model, which we detailed in the methodology section, the force of the
contractile elements (FCE) can be calculated and combined with passive muscle force to
estimate up to 60 Newtons per square centimeter of muscle area [25,26]. To test the fracture
behavior of proximal femurs, the target area was defined as the trochanteric massif. At this
point, the weight should result in high-impact contact with the test specimens, as regularly
occurs during falls. With a sample diameter of 3 cm in the test machine, this results in a
calculated value of around 430 N: Fmax (N) = 60 N/cm2 X π X r2, where r is the radius in
centimeters. For a radius of 1.5 cm (because the diameter is 3 cm), this would result in: Fmax
(N) = 60 N/cm2 X π X (1.5 cm)2 ≈ 425 N.

Consequently, the ballistic gel used should have a resistance similar to the test object,
which in this study was the proximal femur. The impact area in the drop test was also
around 3 cm in diameter.
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Biomechanical tests of bones are well-established and widely used in forensics and
experimental medical research [26,27]. Most tests are performed on the diaphysis area
using bending, pressure, or shear loads. However, pressure loads on the metaphysis or
epiphysis are rare and occur only in special cases [28]. Clinically, fractures caused by falls
are usually located in the metaphysis [29]. When simulating falls, drop tests provide a more
realistic pathology compared with the static test procedures. The drop test setup developed
for this study allows testing under realistic conditions. A significant challenge in such tests
is the standardized reproducibility and fixation of samples.

To compare fracture models with patient data from human fractures, it is crucial
to perform a comparable evaluation of high-impact trauma using micro-CT [30]. For
an accurate assessment, fragments must be spatially fixed relative to the main fragment
and surrounding soft tissue, necessitating the use of ballistic gels. Fracture models with
preserved soft tissues (muscle, fat, skin) are realistic but have a limited study period due to
decomposition processes [31]. Storage for later comparison is also restricted. Unfixed bones
without soft tissues do not allow the spatial assignment of fragments and are unsuitable
for these purposes. However, a non-fixed object is destroyed in this test setup. Ballistic
gels offer the advantage over materials like sand or rice of permanently fixing fragments in
space [32]. These alternative substances failed to provide adequate fixation, resulting in
measurement inaccuracies due to the lack of enveloping structures necessary for subsequent
image morphological evaluation using X-ray, MRI, or micro-CT [33].

Ballistic gels can be easily stored by freezing, allowing multiple analyses over time and
for different research questions [34]. This capability facilitates the preservation of tissue
samples obtained during euthanasia, aligning with the principles of the 3Rs (replacement,
reduction, and refinement). However, the composition of the gels must be tailored to match
the test objects [5]. Therefore, gels should be customized in terms of density, strength,
and water binding to match the original periosteal soft tissue [35]. Ideally, gels could be
fabricated from multiple layers with different compositions suited to specific tests [36].
Another challenge is the accurate positioning of specimens, because the area to be tested is
not visible. Clear gels have the advantage over opaque shells, as they do not require X-ray
positioning (fluoroscopy) for adjustment and alignment [37]. Ballistic gels are thus ideal for
fracture morphology [16]. Depending on the requirements, various compositions of ballistic
gels are known and used [2,17]. Combining fall simulation tests with fracture morphology
has not been previously described. Embedding specimens in ballistic gels removes the time
and location constraints of biomechanical testing, allowing for time-delayed or repeatable
evaluations. Ex vivo tests with ballistic gels can be performed in animal experiments
regardless of the time of euthanasia, thereby fulfilling the 3R principles.

Although gelatin gels bound sufficient liquid, they were suitable as the sole embedding
medium only for small samples due to their low inherent stability. Agarose gels were more
viscous but resulted in poorer fixation. Thus, developing a ballistic gel for the case studies
that provided good specimen fixation with sufficient inherent stability was necessary. Both
the biomechanical properties in the experiment and various evaluation settings confirmed
the suitability of the combination of 0.35% agarose and 29.5% gelatin. The minor issues
with gel residues remaining in the Erlenmeyer flask during production did not statistically
affect the rheological properties and were irrelevant to the test questions.

2.4. Rheological Analysis Discussion

The rheological analysis of the gel samples aimed to evaluate the homogeneity and
reproducibility of the gel mixtures, particularly in light of the observed remnants left in
the flask after pouring the gel into molds. Despite these remnants, our analysis of eight
samples demonstrated that the prepared gels maintained consistent rheological properties,
indicating that the mixture was homogeneous.

The viscosity measurements showed considerable variation across samples, with a
mean viscosity of 1517 Pa·s and a standard deviation of 890 Pa·s. The viscosity range from
1080 Pa·s to 3708 Pa·s suggests that the gel preparation process produces samples with a
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wide spectrum of flow behaviors. The Shapiro–Wilk test confirmed that the viscosity data
deviated significantly from a normal distribution, highlighting the need for non-parametric
statistical tests for further analysis.

Despite the observed remnants, the box plots illustrated that the rheological properties of
the gels, including force, displacement, shear rate, shear stress, and flow velocity, were consis-
tently distributed across the samples. This consistency suggests that the gel mixture achieved
a high level of homogeneity, ensuring reliable and reproducible mechanical performance.

The correlation matrix heatmap further supported the uniformity of the gel properties,
showing strong correlations between key rheological parameters. These findings confirm
that the prepared gels are suitable for biomechanical applications, as they reliably replicate
the mechanical behavior required for testing.

Overall, the rheological analysis indicates that the preparation method, despite some
gel remnants in the flask, produces homogeneous and reproducible gel samples. This
reliability is crucial for ensuring the validity of biomechanical tests using these gels, as it
guarantees that the mechanical properties of the gels remain consistent across different
samples. Future improvements could focus on minimizing the remnants left during the
pouring process to further enhance the uniformity of the gel mixture.

2.5. Limitations

The study has several limitations. Firstly, the use of gelatin and agarose to prepare
the ballistic gels was based on the authors’ considerations and not established laboratory
protocols. Literature searches did not yield the expected results. Secondly, the number of
test series to determine a gel density comparable to muscle was too low. It is hypothetical
whether multiple tests would have led to different results and gel compositions. Thirdly,
restricting the soft tissue to muscle only, without considering adipose tissue and skin, could
limit the study. These choices were made for practical reasons. Moreover, specifying these
ballistic gels was not the study’s original intent. The primary objective was to provide
information on the fracture behavior of proximal femurs with varying bone densities (with
and without osteoporosis).

3. Conclusions

Ballistic gels are used extensively in forensic and military applications to simulate
the mechanical properties of biological tissues. For drop tests aimed at biomechanical
research, it is crucial to accurately simulate the surrounding soft tissue to generate reliable
and reproducible results. This study demonstrated that a combination of agarose and
gelatin produces gels with mechanical properties closely resembling periosteal tissue,
particularly muscle. The optimized gel composition of 0.35% agarose and 29.5% gelatin
provides sufficient stability and elasticity to effectively mimic the resistance of periosteal
and muscular tissues.

Moreover, the use of these ballistic gels allows for repeated evaluations without being
constrained by time or location, facilitating comprehensive and versatile testing protocols.
The ability to store and reuse samples through freezing further enhances the practicality
and applicability of these gels in various experimental setups. By enabling consistent and
accurate simulation of soft tissue, these ballistic gels support advanced biomechanical
testing and contribute to the reduction of animal use in research, adhering to the principles
of the 3Rs (replacement, reduction, and refinement).

4. Materials and Methods

Animal experiments were conducted in accordance with the Animal Welfare Act of the
National Institute of Health and the guidelines for the care and use of laboratory animals.
The experiments complied with the national animal welfare guidelines approved by the
local regional government and conformed to German animal protection laws of the district
government of Darmstadt (Ref. number V54—19c 20/15—F 31/36). All procedures were
conducted at the central research facility of the Johann Wolfgang Goethe University in
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Frankfurt am Main. The study adhered to the guidelines of the Declaration of Helsinki
and received approval from the Institutional Review Board (or Ethics Committee) (Ref.
number 178/17).

4.1. Determination of Soft Tissue Properties

For testing osseous material in drop tests, a suitable medium for fixing the test objects
was required. The embedding medium is needed to secure the object firmly while allowing
the direct application of force. Additionally, it had to permit optical control and flexible
evaluation regarding time and location. The medium also had to be simple, inexpensive
to manufacture, and easy to dispose of. Ballistic gels, commonly used in medical settings,
met these requirements. These gels are transparent, yellowish-tinged, and elastic. For this
study, the ballistic gel was optimized to match the resistance of ordinary tissue.

Preliminary tests with muscle tissue from pigs and sheep and the determination of the
corresponding components of the gels were performed under the same conditions as the
intended tests (e.g., fracture settings under realistic temperature conditions).

Initially, muscle tissue from pigs was used as a reference to determine the mean values
of the soft tissue surrounding the bone. Unfixed porcine thigh muscle with a specimen
diameter of 3 cm was tested under compression. Sheep muscle has a significantly higher
myoglobin concentration and more S-fibers than porcine muscle. Therefore, the test setup
was repeated with sheep muscle to realistically simulate periosteal tissue (Figure 6A; Zwick
Roell, zwickiLine 5 kN zwicki; software: testXpert III; Ulm, Germany).

Gels 2024, 10, x FOR PEER REVIEW 12 of 16 
 

 

4.1. Determination of Soft Tissue Properties 
For testing osseous material in drop tests, a suitable medium for fixing the test objects 

was required. The embedding medium is needed to secure the object firmly while allow-
ing the direct application of force. Additionally, it had to permit optical control and flexi-
ble evaluation regarding time and location. The medium also had to be simple, inexpen-
sive to manufacture, and easy to dispose of. Ballistic gels, commonly used in medical set-
tings, met these requirements. These gels are transparent, yellowish-tinged, and elastic. 
For this study, the ballistic gel was optimized to match the resistance of ordinary tissue. 

Preliminary tests with muscle tissue from pigs and sheep and the determination of 
the corresponding components of the gels were performed under the same conditions as 
the intended tests (e.g., fracture settings under realistic temperature conditions). 

Initially, muscle tissue from pigs was used as a reference to determine the mean val-
ues of the soft tissue surrounding the bone. Unfixed porcine thigh muscle with a specimen 
diameter of 3 cm was tested under compression. Sheep muscle has a significantly higher 
myoglobin concentration and more S-fibers than porcine muscle. Therefore, the test setup 
was repeated with sheep muscle to realistically simulate periosteal tissue (Figure 6A; 
Zwick Roell, zwickiLine 5 kN zwicki; software: testXpert III; Ulm, Germany). 

 
Figure 6. (A) Sheep muscle testing in the compression measuring device. (B) Testing ballistic gel in 
the compression measuring device. 

The specimens were positioned so that the line of force during the compression test 
passed exactly through the center of the specimen. The specimens were preloaded with a 
force of 1 N. The test speed was 5 mm/min., and the maximum deformation was set to 
50%. A measurement curve was generated at the end of the measurement. 

This muscle tissue was tested (Figure 6A) for compressive strength under laboratory 
conditions and compared with different concentrations of agarose–gelatin gel. 

4.2. Preparation and Testing of Ballistic Gels 
Following the tests on muscle tissue, a series of tests were performed on ballistic gels 

with different concentrations of gelatin and agarose to match the properties of the gels to 
those of the muscle tissue (Figure 6B). 

Figure 6. (A) Sheep muscle testing in the compression measuring device. (B) Testing ballistic gel in
the compression measuring device.

The specimens were positioned so that the line of force during the compression test
passed exactly through the center of the specimen. The specimens were preloaded with a
force of 1 N. The test speed was 5 mm/min., and the maximum deformation was set to
50%. A measurement curve was generated at the end of the measurement.

This muscle tissue was tested (Figure 6A) for compressive strength under laboratory
conditions and compared with different concentrations of agarose–gelatin gel.
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4.2. Preparation and Testing of Ballistic Gels

Following the tests on muscle tissue, a series of tests were performed on ballistic gels
with different concentrations of gelatin and agarose to match the properties of the gels to
those of the muscle tissue (Figure 6B).

According to forensic protocols, preliminary tests were performed with gels of pure
gelatin at different concentrations in small cylinders (<50 mL) (10% at 4 ◦C, according to
the Fackler notes; 25% at 18 ◦C) (Table 2) [25,38,39]. Agarose gels were also tested. Gels
that did not pass the digital mechanical and optical tests were discarded. The gels with a
favorable mixing ratio were further specified and used for further testing.

The ballistic gels were prepared by dissolving 42% gelatin and 0.5% agarose in distilled
water. The mixture was heated to 60 ◦C with constant stirring to ensure complete dissolu-
tion. Once completely dissolved, the solution was poured into molds to form cylindrical
samples and cooled at room temperature. After cooling, the samples were stored at 4 ◦C
until further use. Prior to testing, the gel cylinders were brought to room temperature. The
prepared ballistic gel cylinders were subjected to compression tests using the same setup as
the muscle tissue. The gels were molded into blocks 3 cm in diameter. Compression was
applied at a 5 mm/min rate in the compression measuring device (Zwick Roell, zwickiLine
5 kN zwicki; software: testXpert III; Ulm, Germany) (Figure 6B).

By systematically testing and comparing the mechanical properties of muscle tissue
and ballistic gels, we aimed to develop a standardized gel composition that closely mimics
the mechanical behavior of periosteal tissue.

Following the muscle tissue tests, a series of tests were performed on ballistic gels with
different concentrations of gelatin and agarose to approximate the properties of muscle tissue.

Specifically, agarose–gelatin gels were prepared and tested, with a 42% gelatin and
0.5% agarose concentration proving to be most similar to soft tissue.

4.3. Free-Fall Test Setup

In the free-fall test, high-impact trauma is simulated, the force of which is calculated
using the formula F (force) = m (mass) × a (acceleration). For the subsequent test setup, the
weight of the animals was measured at the time of euthanasia in the study and the drop
weight was set accordingly (41–81 kg body weight. The standardized drop height in the
study was 1 m) (Figure 7C). The acceleration was equal to the gravitational force g and was
9.81 m/s2. This resulted in an impact velocity on the trochanter region as follows:

Impact velocity = v(h) =
√

(2 × g × h) =
√

(2 × 9.81 m/s2 × 1 m) = 4.43 m/s = 15.95 km/h.
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For casting the bones, 1000 mL was prepared; after pouring and cooling the gel
overnight at 4 ◦C, it was allowed to acclimatize at room temperature for 4–6 h before testing
(Figure 7A,B). The temperature was measured using an infrared thermometer to ensure
consistency. Additionally, smaller quantities of 5–10 mL were tested as quality control to
confirm the uniformity and consistency of the gel (Figure 6B).

4.4. Statistical Analysis

Statistical analyses were conducted using R to evaluate the mechanical and rheological
properties of gel samples compared with biological tissues. Parameters such as force (F.max),
initial length (L0), and deformation length to maximum force (dL to F.max) were measured. De-
scriptive statistics, including mean and standard deviation, were calculated for each parameter.

The Shapiro–Wilk test was used to assess the normality of data distributions, with a
p-value < 0.05 indicating non-normality. One-way ANOVA was employed to determine
significant differences in F.max among material sources (e.g., pig muscle, agarose–gelatin
mixtures). For non-normally distributed data, non-parametric tests such as the Kruskal–
Wallis test were used.

Additionally, statistical comparisons between the gel and sheep groups were conducted.
The analysis included comparisons of initial length (L0), maximum force (F.max), and defor-
mation length to maximum force (dL to F.max). Significant differences were assessed using
p-values and effect sizes to determine the magnitude of the differences between groups.

The Hill muscle model was applied to calculate the force of the contractile elements
(FCE). The formula used was FCE = Act × fim × fi × fvF, where Act represents the
activation level, fim is the muscle’s intrinsic force, fi is the force interaction factor, and fv
is the velocity factor. This model, combined with passive muscle force, allowed for the
calculation of up to 60 Newtons per square centimeter of muscle area. This calculation was
integrated into the evaluation of the mechanical properties to compare the resistance of the
ballistic gel with biological tissues.

Rheological properties, including viscosity, were analyzed to understand material be-
havior under different conditions. Viscosity measurements were taken for the gel samples,
and descriptive statistics were computed. The Shapiro–Wilk test checked for normality of
viscosity data. Box plots visualized the distribution and variability of rheological properties
across different samples, and a histogram showed the distribution of viscosity values. A cor-
relation matrix heatmap illustrated relationships between different rheological properties,
and correlation coefficients determined the strength and direction of these relationships.

All statistical analyses and visualizations were performed using R (version 4.0.5). Key
packages included stats for conducting the Shapiro–Wilk test, ANOVA, and Kruskal–Wallis
test; ggplot2 for creating box plots, histograms, and heatmaps; dplyr for data manipulation
and summary statistics; and corrplot for generating the correlation matrix heatmap.

Author Contributions: Conceptualization, T.E.K.; methodology, T.E.K. and C.B.; software, T.E.K.;
validation, C.B. and T.E.K.; formal analysis, C.B., S.A. and T.E.K.; statistical analysis, C.B., S.A. and
T.E.K.; investigation, A.-C.T.-K.; resources, C.B. and T.E.K.; data curation, A.-C.T.-K., C.B. and M.M.;
writing—original draft preparation, C.B., L.B. and M.M.; writing—review and editing, T.E.K., L.B.
and C.H.; visualization, A.-C.T.-K. and S.S.; supervision, S.S. and T.E.K.; project administration, S.S.
and T.E.K.; funding acquisition, C.H. and T.E.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was funded by the Deutsche Forschungsgemeinschaft (DFG) within the
SFB/Transregio 79, subproject T1, Project number 107540325. The foundation played no role in
the study design, surgical treatment, collection, management, analysis, or data interpretation. Final
reports and publications will be independent of the financial supporter.

Institutional Review Board Statement: Animal experiments followed the Animal Welfare Act of the
National Institute of Health and the guide for the care and use of laboratory animals. Experiments
also accorded with the national animal welfare guidelines approved by the local regional government
and conformed to German animal protection laws of the district government of Darmstadt (Ref.



Gels 2024, 10, 461 14 of 15

number V54—19c 20/15—F 31/36). All animal experiments were conducted at the central research
facility of the Johann Wolfgang Goethe University in Frankfurt am Main. The study was approved by
the local ethical committee of the medical faculty of the Justus-Liebig University of Giessen, Germany,
and by the local regional government and conformed to German animal protection laws of the district
government of Darmstadt (Ref. number V54—19c 20/15—F 31/36). The study was conducted
according to the guidelines of the Declaration of Helsinki and was approved by the Institutional
Review Board (or Ethics Committee) (Ref. number 178/17).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting this study’s findings are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest. The sponsors had no role in the
design, execution, interpretation, or writing of the study.

References
1. Van Sligtenhorst, C.; Cronin, D.S.; Wayne Brodland, G. High strain rate compressive properties of bovine muscle tissue determined

using a split Hopkinson bar apparatus. J. Biomech. 2006, 39, 1852–1858. [CrossRef] [PubMed]
2. Wightman, G.; Beard, J.; Allison, R. An investigation into the behaviour of air rifle pellets in ballistic gel and their interaction with

bone. Forensic Sci. Int. 2010, 200, 41–49. [CrossRef] [PubMed]
3. Stevenson, T.; Carr, D.J.; Harrison, K.; Critchley, R.; Gibb, I.E.; Stapley, S.A. Ballistic research techniques: Visualizing gunshot

wounding patterns. Int. J. Leg. Med. 2020, 134, 1103–1114. [CrossRef] [PubMed]
4. Fischer, V.K.S.; Rothschild, M.A.; Kneubuehl, B.P.; Kamphausen, T. Skin simulants for wound ballistic investigation—An

experimental study. Int. J. Leg. Med. 2024, 138, 1357–1368. [CrossRef] [PubMed]
5. Carr, D.J.; Stevenson, T.; Mahoney, P.F. The use of gelatine in wound ballistics research. Int. J. Leg. Med. 2018, 132, 1659–1664.

[CrossRef] [PubMed]
6. Veenstra, A.; Kerkhoff, W.; Oostra, R.J.; Galtes, I. Gunshot trauma in human long bones: Towards practical diagnostic guidance

for forensic anthropologists. Forensic Sci. Med. Pathol. 2022, 18, 359–367. [CrossRef]
7. Read, J.; Hazael, R.; Critchley, R. Penetration performance of protective materials from crossbow attack: A preliminary study.

Forensic Sci. Med. Pathol. 2023, 20, 32–42. [CrossRef] [PubMed]
8. Swain, M.V.; Kieser, D.C.; Shah, S.; Kieser, J.A. Projectile penetration into ballistic gelatin. J. Mech. Behav. Biomed. Mater. 2014,

29, 385–392. [CrossRef] [PubMed]
9. Schwab, N.; Jordana, X.; Monreal, J.; Garrido, X.; Soler, J.; Vega, M.; Brillas, P.; Galtés, I. Ballistic long bone fracture pattern: An

experimental study. Int. J. Legal. Med. 2024, 138, 1685–1700. [CrossRef]
10. Mrozek, R.A.; Leighliter, B.; Gold, C.S.; Beringer, I.R.; Yu, J.H.; VanLandingham, M.R.; Moy, P.; Foster, M.H.; Lenhart, J.L. The

relationship between mechanical properties and ballistic penetration depth in a viscoelastic gel. J. Mech. Behav. Biomed. Mater.
2015, 44, 109–120. [CrossRef]

11. Borges, J.; Sautier, C.; Krebs-Drouot, L.; Henry, P.; Paysant, F.; Scolan, V. Death and non-lethal weapons: A case of homicide by
penetrating injury without projectile. Forensic Sci. Int. 2022, 337, 111374. [CrossRef] [PubMed]

12. Engler, A.J.; Stewart, D.C.; Rubiano, A.; Dyson, K.; Simmons, C.S. Mechanical characterization of human brain tumors from
patients and comparison to potential surgical phantoms. PLoS ONE 2017, 12, e0177561. [CrossRef]

13. Breeze, J.; Hunt, N.; Gibb, I.; James, G.; Hepper, A.; Clasper, J. Experimental penetration of fragment simulating projectiles into
porcine tissues compared with simulants. J. Forensic Leg. Med. 2013, 20, 296–299. [CrossRef] [PubMed]

14. Bracq, A.; Delille, R.; Marechal, C.; Bourel, B.; Roth, S.; Mauzac, O. Rib fractures prediction method for kinetic energy projectile
impact: From blunt ballistic experiments on SEBS gel to impact modeling on a human torso FE model. Forensic Sci. Int. 2019,
297, 177–183. [CrossRef] [PubMed]

15. Lindner, U.; Lawrentschuk, N.; Weersink, R.A.; Raz, O.; Hlasny, E.; Sussman, M.S.; Davidson, S.R.; Gertner, M.R.; Trachtenberg, J.
Construction and evaluation of an anatomically correct multi-image modality compatible phantom for prostate cancer focal
ablation. J. Urol. 2010, 184, 352–357. [CrossRef] [PubMed]

16. Kwartowitz, D.M. Materials and Polymers for Use in Surgical Simulation and Validation. In Polymers for Vascular and Urogenital
Applications; Shalaby, S.W., Burg, K.J.L., Shalaby, W.E., Eds.; CRC Press: Boca Raton, FL, USA, 2012; Volume 1, p. 223.

17. Ravikumar, N.; Noble, C.; Cramphorn, E.; Taylor, Z.A. A constitutive model for ballistic gelatin at surgical strain rates. J. Mech.
Behav. Biomed. Mater. 2015, 47, 87–94. [CrossRef] [PubMed]

18. Breeze, J.; James, G.R.; Hepper, A.E. Perforation of fragment simulating projectiles into goat skin and muscle. J. R. Army Med.
Corps 2013, 159, 84–89. [CrossRef] [PubMed]

19. Cronin, D.S. Ballistic Gelatin Characterization and Constitutive Modeling. In Dynamic Behavior of Materials; Conference Proceed-
ings of the Society for Experimental Mechanics Series; Springer: New York, NY, USA, 2011; Volume 1, pp. 51–55.

20. Kwon, J.; Subhash, G. Compressive strain rate sensitivity of ballistic gelatin. J. Biomech. 2010, 43, 420–425. [CrossRef]

https://doi.org/10.1016/j.jbiomech.2005.05.015
https://www.ncbi.nlm.nih.gov/pubmed/16055133
https://doi.org/10.1016/j.forsciint.2010.03.025
https://www.ncbi.nlm.nih.gov/pubmed/20413234
https://doi.org/10.1007/s00414-020-02265-5
https://www.ncbi.nlm.nih.gov/pubmed/32060625
https://doi.org/10.1007/s00414-024-03223-1
https://www.ncbi.nlm.nih.gov/pubmed/38570340
https://doi.org/10.1007/s00414-018-1831-7
https://www.ncbi.nlm.nih.gov/pubmed/29696465
https://doi.org/10.1007/s12024-022-00479-0
https://doi.org/10.1007/s12024-023-00598-2
https://www.ncbi.nlm.nih.gov/pubmed/36913070
https://doi.org/10.1016/j.jmbbm.2013.09.024
https://www.ncbi.nlm.nih.gov/pubmed/24184862
https://doi.org/10.1007/s00414-024-03191-6
https://doi.org/10.1016/j.jmbbm.2015.01.001
https://doi.org/10.1016/j.forsciint.2022.111374
https://www.ncbi.nlm.nih.gov/pubmed/35839685
https://doi.org/10.1371/journal.pone.0177561
https://doi.org/10.1016/j.jflm.2012.12.007
https://www.ncbi.nlm.nih.gov/pubmed/23622477
https://doi.org/10.1016/j.forsciint.2019.02.007
https://www.ncbi.nlm.nih.gov/pubmed/30802646
https://doi.org/10.1016/j.juro.2010.03.001
https://www.ncbi.nlm.nih.gov/pubmed/20488477
https://doi.org/10.1016/j.jmbbm.2015.03.011
https://www.ncbi.nlm.nih.gov/pubmed/25863009
https://doi.org/10.1136/jramc-2013-000065
https://www.ncbi.nlm.nih.gov/pubmed/23720588
https://doi.org/10.1016/j.jbiomech.2009.10.008


Gels 2024, 10, 461 15 of 15

21. Xiong, M.; Qin, B.; Wang, S.; Han, R.; Zang, L. Experimental impacts of less lethal rubber spheres on a skin-fat-muscle model.
J. Forensic Leg. Med. 2019, 67, 7–14. [CrossRef]

22. Kieser, D.C.; Carr, D.J.; Leclair, S.C.J.; Horsfall, I.; Theis, J.-C.; Swain, M.V.; Kieser, J.A. Remote ballistic fractures in a gelatine
model—Aetiology and surgical implications. J. Orthop. Surg. Res. 2013, 8, 5. [CrossRef]

23. Humphrey, C.; Henneberg, M.; Wachsberger, C.; Kumaratilake, J. Comparison of porcine organs and commonly used ballistic
simulants when subjected to impact from steel spheres fired at supersonic velocities. Forensic Sci. Int. 2018, 288, 123–130.
[CrossRef] [PubMed]

24. Juliano, T.F.; Forster, A.M.; Drzal, P.L.; Weerasooriya, T.; Moy, P.; VanLandingham, M.R. Multiscale mechanical characterization of
biomimetic physically associating gels. J. Mater. Res. 2011, 21, 2084–2092. [CrossRef]

25. Göktepe, S.; Menzel, A.; Kuhl, E. The generalized Hill model: A kinematic approach towards active muscle contraction. J. Mech.
Phys. Solids 2014, 72, 20–39. [CrossRef] [PubMed]

26. Burgbacher, F.; Helwig, P.; Bernstein, A.; Hirschmüller, A.; Südkamp, N.P.; Konstantinidis, L. In vitro biomechanische Sturzsimu-
lation zur reproduzierbaren Erzeugung periprothetischer Frakturen des proximalen Femurs. In Proceedings of the Deutscher
Kongress für Orthopädie und Unfallchirurgie (DKOU 2014), Berlin, Germany, 28–30 October 2014.

27. Chaufer, M.; Delille, R.; Bourel, B.; Marechal, C.; Lauro, F.; Mauzac, O.; Roth, S. A new biomechanical FE model for blunt thoracic
impact. Front. Bioeng. Biotechnol. 2023, 11, 1152508. [CrossRef] [PubMed]

28. Alt, V.; Thormann, U.; Ray, S.; Zahner, D.; Durselen, L.; Lips, K.; El Khassawna, T.; Heiss, C.; Riedrich, A.; Schlewitz, G.; et al. A
new metaphyseal bone defect model in osteoporotic rats to study biomaterials for the enhancement of bone healing in osteoporotic
fractures. Acta Biomater. 2013, 9, 7035–7042. [CrossRef] [PubMed]

29. Abdel, M.P.; Watts, C.D.; Houdek, M.T.; Lewallen, D.G.; Berry, D.J. Epidemiology of periprosthetic fracture of the femur in 32 644
primary total hip arthroplasties. Bone Jt. J. 2016, 98, 461–467. [CrossRef] [PubMed]

30. Caister, A.J.; Carr, D.J.; Campbell, P.D.; Brock, F.; Breeze, J. The ballistic performance of bone when impacted by fragments. Int. J.
Leg. Med. 2020, 134, 1387–1393. [CrossRef] [PubMed]

31. Breeze, J.; Carr, D.J.; Mabbott, A.; Beckett, S.; Clasper, J.C. Refrigeration and freezing of porcine tissue does not affect the
retardation of fragment simulating projectiles. J. Forensic Leg. Med. 2015, 32, 77–83. [CrossRef] [PubMed]

32. Lopes, P.A.; Santaella, G.M.; Lima, C.A.S.; Vasconcelos, K.F.; Groppo, F.C. Evaluation of soft tissues simulant materials in cone
beam computed tomography. Dentomaxillofac. Radiol. 2019, 48, 20180072. [CrossRef]

33. Nguyen, T.-T.N.; Meek, G.; Breeze, J.; Masouros, S.D. Gelatine Backing Affects the Performance of Single-Layer Ballistic-Resistant
Materials Against Blast Fragments. Front. Bioeng. Biotechnol. 2020, 8, 744. [CrossRef]

34. Mattijssen, E.J.; Alberink, I.; Jacobs, B.; van den Boogaard, Y. Preservation and storage of prepared ballistic gelatine. Forensic Sci.
Int. 2016, 259, 221–223. [CrossRef] [PubMed]

35. Dritsas, K.; Probst, J.; Ren, Y.; Verna, C.; Katsaros, C.; Halazonetis, D.; Gkantidis, N. Effect of hydration on the anatomical form of
human dry skulls. Sci. Rep. 2022, 12, 22549. [CrossRef] [PubMed]

36. Kerkhoff, W.; Visser, M.; Mattijssen, E.; Hermsen, R.; Alberink, I.B. A combined cowhide/gelatine soft tissue simulant for ballistic
studies. Forensic Sci. Int. 2022, 338, 111392. [CrossRef] [PubMed]

37. Maiese, A.; Santoro, P.; La Russa, R.; De Matteis, A.; Turillazzi, E.; Frati, P.; Fineschi, V. Crossbow injuries: A case report with
experimental reconstruction study and a systematic review of literature. J. Forensic Leg. Med. 2021, 79, 102147. [CrossRef]
[PubMed]

38. Fackler, M.L.; Malinowski, J.A. Ordnance gelatin for ballistic studies. Detrimental effect of excess heat used in gelatin preparation.
Am. J. Forensic Med. Pathol. 1988, 9, 218–219. [CrossRef]

39. Fackler, M.L. Wound Ballistics: A Review of Common Misconceptions. JAMA 1988, 259, 2730–2736. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jflm.2019.07.009
https://doi.org/10.1186/1749-799X-8-15
https://doi.org/10.1016/j.forsciint.2018.04.032
https://www.ncbi.nlm.nih.gov/pubmed/29747046
https://doi.org/10.1557/jmr.2006.0254
https://doi.org/10.1016/j.jmps.2014.07.015
https://www.ncbi.nlm.nih.gov/pubmed/25221354
https://doi.org/10.3389/fbioe.2023.1152508
https://www.ncbi.nlm.nih.gov/pubmed/37034254
https://doi.org/10.1016/j.actbio.2013.02.002
https://www.ncbi.nlm.nih.gov/pubmed/23434894
https://doi.org/10.1302/0301-620X.98B4.37201
https://www.ncbi.nlm.nih.gov/pubmed/27037427
https://doi.org/10.1007/s00414-020-02299-9
https://www.ncbi.nlm.nih.gov/pubmed/32358725
https://doi.org/10.1016/j.jflm.2015.03.003
https://www.ncbi.nlm.nih.gov/pubmed/25882156
https://doi.org/10.1259/dmfr.20180072
https://doi.org/10.3389/fbioe.2020.00744
https://doi.org/10.1016/j.forsciint.2015.12.027
https://www.ncbi.nlm.nih.gov/pubmed/26773228
https://doi.org/10.1038/s41598-022-27042-9
https://www.ncbi.nlm.nih.gov/pubmed/36581665
https://doi.org/10.1016/j.forsciint.2022.111392
https://www.ncbi.nlm.nih.gov/pubmed/35872541
https://doi.org/10.1016/j.jflm.2021.102147
https://www.ncbi.nlm.nih.gov/pubmed/33721732
https://doi.org/10.1097/00000433-198809000-00008
https://doi.org/10.1001/jama.1988.03720180056033

	Introduction 
	Results and Discussion 
	Results of Compression Measurements 
	Rheology 
	Discussion 
	Rheological Analysis Discussion 
	Limitations 

	Conclusions 
	Materials and Methods 
	Determination of Soft Tissue Properties 
	Preparation and Testing of Ballistic Gels 
	Free-Fall Test Setup 
	Statistical Analysis 

	References

