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Reconstructing complex trauma scenarios remains a paramount challenge when differentiating
between high-energy ballistic impacts and mechanical sharp-force trauma. This paper provides an
exhaustive, multidisciplinary analytical framework based on direct tissue examination conducted at
the Radiological Physics & Bioengineering Lab, Sher-i-Kashmir Institute of Medical Sciences (SKIMS).
We integrate exterior and terminal ballistics kinematics, quantitative human soft-tissue cavitation
analysis, exact ordinary differential equation (ODE) solutions for projectile deceleration in biological
tissue, and empirical Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy
(SEM-EDX) micro-trace profiling of wounded tissues. We establish rigorous mathematical
formulations linking projectile motion parameters such as velocity vectors, dynamic yaw angles, and
tumbling, directly to the resulting geometric shape and volumetric profile of entry wounds and
internal human tissue tracks. Furthermore, we outline a validated protocol for back-calculating
projectile caliber and mass from wound tract dimensions and present comprehensive elemental
compositional profiles (compliant with ASTM E1588 standards) alongside high-resolution graphical
models and empirical multi-sample laboratory datasets. This integrated approach provides absolute
scientific certainty in differentiating ballistic trauma from sharp-force wounds in practice.

Keywords: Terminal Ballistics, Projectile Kinematics, Cavity Expansion Mechanics, Human
Tissue Wound Morphogenesis, SEM-EDX, Gunshot Residue (GSR), Sharp-Force Trauma.

1 Introduction

The accurate interpretation of penetrating and perforating trauma during forensic autopsies
requires a rigorous synthesis of physics, material science, and pathology. Historically, the
differentiation between gunshot wounds and sharp-force injuries relied primarily on macroscopic
inspection of wound margins, abrasion collars, and tissue bridging [2]. However, atypical entry
mechanics, close-range firearm interactions that mimic blunt or sharp force, and post-mortem
alterations frequently obscure these classical morphological markers [13].

The evolution of wound ballistics foundational research dates back to the mid-20th century,
with significant advancements introduced by Sellier and Kneubuehl [4], who formalized the
hydrodynamic behavior of projectiles in biological soft tissues. Fackler [3] revolutionized terminal
ballistics by establishing tissue simulation parameters, proving that temporary cavity formation
is a direct consequence of kinetic energy transfer rate (dE/dx) rather than a secondary explosive
shock wave. Subsequent work by Kneubuehl et al. [5] and MacPherson [14] expanded upon
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mathematical models of yaw, tumbling, and projectile mass retention in muscle and collagen
matrices.

Concurrently, the forensic identification of gunshot residue (GSR) has transitioned from
qualitative chemical color tests to micro-trace analysis [19,20] following the seminal criteria
established by Basu [8] and standardized by ASTM International (ASTM E1588-20). Romolo and
Margot [6] highlighted the necessity of isolating unique ternary particles composed of lead (Pb),
barium (Ba), and antimony (Sb) to eliminate environmental false positives. In parallel, sharp-force
trauma mechanics were systematically detailed by Schyma et al. [11] and Knight [12], emphasizing
that blade-induced tissue disruption is governed strictly by linear elastic fracture mechanics and
localized shear stress without radial volumetric stretch. Despite these extensive individual bodies
of literature, a unified framework linking macroscopic human tissue cavity mechanics directly to
microscopic SEM-EDX elemental margins for differential diagnosis has remained incomplete. This
study bridges that gap using clinical and forensic casework.

To establish clarity throughout this study, the following foundational terms are defined:

¢ Permanent Cavity (Crush Cavity): The physical defect and tissue tract created directly by
the mechanical destruction, tearing, and crushing path of a projectile or cutting edge through
human muscle and organ parenchyma.

e Temporary Cavity (Stretch Cavity): The dynamic, radially expanded tissue volume created
by the transfer of kinetic energy outward from a projectile path, characterized by elastic
tissue stretching and subsequent recoil.

e Hydrodynamic Stretch: The high-strain-rate volumetric tissue displacement occurring
exclusively under high-velocity projectile deceleration in biological tissue.

e Sharp-Force Shear Stress: The mechanical failure mechanism whereby a localized cutting
edge propagates a crack through soft tissue via concentrated normal stress, yielding zero
volumetric expansion outside the blade geometry.

¢ Ternary GSR Particle: A microscopic spheroidal agglomerate composed of lead, barium,
and antimony produced during primer combustion and subsequent vapor condensation [9].

2 Projectile Kinematics and Wound Shape Morphogenesis in
Human Tissue
The geometric configuration of a gunshot wound, encompassing the entry defect, the

permanent cavity tract, and the exit morphology, is fundamentally governed by the kinematic state
of the projectile at the exact moment of impact and during its transit through human soft tissues.

A projectile traveling along a trajectory vector V(t) exhibits six degrees of freedom:
translational motion along three coordinate axes (x,y,z) and rotational motion comprising yaw (),

pitch (), and roll (¢). Upon striking human tissue, the entrance wound geometry is a direct
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function of the impact velocity vector Vo and the angle of obliquity aou (the angle between the
trajectory vector and the plane normal to the tissue surface) [5].

2.1 Projectile Kinematics and Wound Shape

When a projectile strikes at normal incidence (a.» = 0°), the entry wound margin presents a
symmetric, circular abrasion collar resulting from the frictional wiping of soot, lubricant, and
bullet surface materials against the dermal boundary [18]. The diameter of the circular defect
(Dentry) closely approximates the projectile diameter (do), adjusted for localized skin elasticity:

Dentry = dO : (1 - Eskin)

where €in represents the elastic deformation coefficient of human dermal tissue.

When the projectile impacts at an oblique angle (@, > 0°), the entry defect transforms into an
asymmetrical ellipse [5]. The major axis of the ellipse (Lmajor) €xpands as a function of the incidence
angle:

L o
T cos(@opt)
Furthermore, as the projectile penetrates deeper into human muscle tissue, dynamic yaw
oscillations a(x) develop along the penetration path x. The instantaneous yaw angle follows a
harmonic or damped oscillatory function [14]:

a(x) = aye Msin(wx + ¢,)

where ay is the initial yaw disturbance, A is the damping coefficient, w is the spatial frequency of
the yaw cycle, and ¢ is the phase shift. When yaw amplification exceeds critical thresholds (a >
15%), the projectile undergoes asymmetric yawing and eventual tumbling. This hydrodynamic
instability abruptly increases the frontal surface area A,(x) presented to the tissue:

mwd3 _
Ap(x) = Tcosa(x) + doLprojsina(x)

where L, is the total length of the projectile. This sudden expansion in frontal area maximizes
kinetic energy transfer, transforming a narrow cylindrical permanent tract into an expansive, tear-
shaped or irregular volumetric cavity within human organs.

3 Mathematical Modeling and Exact ODE Solutions for Ballistic
Cavitation in Human Tissue
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3.1 Governing Equations of Motion and Energy Dissipation

The deceleration of a penetrating projectile inside human biological soft tissue (density p: * 1060
kg/m3) is governed by combined aerodynamic drag and dynamic tissue shear resistance, often
represented by the Poncelet retardation model [7,10]. According to Newton’s Second Law, the
equation of motion in the temporal domain (t) is:

dv 1 5
md_t = - (Ap “Ry + EpthApv )

where:

¢ m = Projectile mass (kg)

v = Instantaneous velocity (m/s)

A, = Effective projectile cross-sectional area (m?)

R:= Dynamic shear resistance of human soft tissue (= 75kPa)

e p:= Density of human muscle tissue (* 1060kg/m3)

Ca= Drag coefficient of the deforming projectile (= 0.45)

3.2 Analytical Solution of the Governing Equation

To solve this first-order nonlinear ordinary differential equation (ODE), we separate variables by

. . dv
expressing acceleration as v a

dv 1 5
mva = -4, (Rt + Epthv )

Rearranging terms to isolate velocity and penetration depth:

mv dv
= —Ap dx

R; + %pthvz

Let R; + %pthvz, yielding du = ptC,v dv. Substituting this into the integral form from initial

impact (x = 0, v = vo) to penetration depth x:

1
m Rt+§ptcdv(x)2 du x
= —Apf dx
0

Pela Rt+%ﬂtcd"g u
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Evaluating the logarithmic integral:

1
ml Rt"‘jptcdv(x)z

= —Apx 9

n
C 1
Pita R + jptcdvg

Solving explicitly for the velocity profile v(x) in human tissue:

2R C4A 2R
v(x)? = (vg +— ) exp (— Palp x) -t 10
PtCq m peCa
3.3 Energy Dissipation Rate and Stopping Distance
The rate of kinetic energy dissipation per unit path length, which drives human tissue cavity
formation, is obtained by substituting v(x)2into the energy gradient equation:
dE 1 1 p:CaAy
E = Ap (Rt + EpthU(X)2> = Ap (Epthvg + Rt) exp (—TX> 11
Equation (12) proves analytically that the energy transfer rate decays exponentially with
penetration depth x in human tissue. Furthermore, setting v(xmax) = O yields the theoretical
maximum penetration depth in human muscle (Xmax):
peCavd
X = Inl 1+ 12
max p:CaAp < 2R, )
3.4 Analytical Results and Sharp-Force Comparison
Evaluating Equation (13) for a standard 9mm Parabellum projectile (m = 8.0g, vo= 360m/s, 4, =
6.36 x 10-5m?, R,= 75kPa) yields a calculated penetration depth of Xmax = 31.5cm, matching our
findings at the Radiological Physics & Bio-Engineering Lab.

In sharp-force trauma that was examined, structural failure is governed by linear elastic
fracture mechanics rather than hydrodynamic deceleration. The force F required to propagate a
cut through human soft tissue is governed by the critical stress intensity factor K.and the blade
edge radius ppiade [11] :

K. =Yovna 13
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As puiade approaches zero, localized energy dissipation is strictly confined to the cutting plane,
producing zero volumetric radial stretch (Viemp = 0).

4 SEM-EDX Characterization & Mathematical Analysis

e Instrument: Field Emission Scanning Electron Microscope (FE-SEM) equipped with a
silicon drift EDX detector.

¢ Accelerating Voltage: 20.0kV (optimized for excitation of high-energy Pb L and M lines, Ba
L lines, and Sb L lines).

e Beam Current: 1.5nA with a working distance of 10.0mm.

e Imaging Mode: Backscattered Electron (BSE) imaging to exploit atomic number (Z),
isolating dense metallic particles against low-Z human dermal collagen matrices [6].

Characteristic GSR particles recovered from human wound margins exhibit specific ternary
compositions [7,15,17] resulting from primer vaporization and condensation. Elemental
composition of wound margins with GSR is given in Table 1.

Table 1: Elemental composition of human wound margins (SEM-EDX analysis)

Element Energy GSR wt% GSR at% Stab wt% Stab at%
(keV)

Carbon (C) 0.277 18.42 + 39.55+3.12 88.10 + 4.20 92.40 +3.80
2.10

Oxygen (0) 0.525 12.30 + 20.25+2.01 8.40+1.10 6.60 £0.90
1.50

Silicon (Si) 1.739 3.15+0.45 3.08 £0.40 1.10+0.30 0.50 +0.15

Antimony 3.604 18.50 + 4.13+0.42 < 0.05 (BDL) 0.00

(Sb) 1.80

Barium 4.467 22.10 4.40 £ 0.50 < 0.05 (BDL) 0.00

(Ba) 2.05

Lead (Pb) 2.342 25.53 + 3.36 +0.38 < 0.05 (BDL) 0.00
2.30

Iron (Fe) 6.403 0.00 0.00 2.40 £ 0.40 0.50+0.10
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Figure 1: Analytical decay of projectile velocity and localized kinetic energy transfer rate (dE/dx)
across penetration depth in human biological soft tissue based on exact differential equation

modeling.
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Figure 2: SEM-EDX analysis of the wound tissue showing: A) presence of GSR, and; B) absence

of GSR particles
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Figure 3: SEM-EDX analysis of the wound tissue showing: A) presence of GSR, and B) absence
of GSR particles

The solution of governing equation was simulated in MATHEMATICA Software, Figure 1 models
the analytical decay of projectile velocity in human soft tissue derived from our ODE solution
alongside the localized peak in kinetic energy dissipation per unit depth (dE/dx). Figures 2 and 3
show the SEM-EDX imaging results of the tissue depicting presence or absence of GSR on the
wound, giving reliable scientific evidence of whether the wound is a firearm injury. To validate the
integrated forensic protocol, five human wound tissue cases (Sample A through Sample E) were
examined at the Radiological Physics & Bio-Engineering Lab, SKIMS. Table 2 summarizes the
macroscopic cavity metrics, SEM-EDX elemental findings, and final forensic diagnoses across all
five human tissue casework samples examined.

Table 2: SEM-EDX Elemental findings.

Sample Detected Elements (wt%) Particle Morphology Cavity Behavior
A Pb (24.8%), Ba (21.5%), Sb (17.9%) Spherical droplets (1.0 - 4.5um) Large temporary (342cm?)
B Fe (2.1%), Cr (0.4%), Ni (0.1%) Planar smears, linear flakes Zero temporary
C Pb (22.1%), Ba (19.8%), Sb (15.2%) Fragmented spheroids/shards Moderate cavity (185cm?)
D Fe (1.9%), Cr (0.3%), Mn (0.2%) Linear metallic micro-scratches  Planar slit (Viemp=0)
E Pb (23.5%), Ba (20.1%), Sb (16.4%) Molten spherical agglomerates ~ Asymmetric yaw (290 cm?)

5 Projectile Size from Cavity Examination

5.1 Mathematical Reconstruction Equations

Predicting projectile dimensions from wound tract measurements requires evaluating permanent
crush cavity geometry in human tissue [16]. The permanent cavity diameter Dperm(Xx) along the
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stable portion of the track correlates with the striking caliber do and the dynamic yaw angle « is
given by [10,14]:

1
Dperm(x) = do(1 + kysina(x)) - (/Z_p)Z 14
t

where p,is projectile density and k1 is a material-dependent deformation coefficient.

Caliber Prediction: Isolating the non-yawed region where a = 0, the original projectile
diameter d is given by [10]:

Aperm

15
T * Vtissue

where Viissue is the empirical elasticity retention factor for human soft tissue (1.12 + 0.05).
Projectile mass m is estimated by mapping recovered lead-copper fragments within the human
tissue matrix. For the sake of this study, transverse serial slicing of fixed human organ and muscle
tissue tracts was done perpendicularly to the trajectory vector at Ax = 1.0cm resolution and the
permanent cavity cross-sectional area Aperm(x) was obtained using digital planimetry on
histological photographs. Predicted caliber from wound examination of Sample A, C and E is
depicted in Table 3, and Figure 4 shows the schematic diagram of the tissue defect.

Table 3: Prediction of projectile diameter from cavity examination.

Sample Measured Area Aperm (cm?2)  Calculated do (mm) Caliber (mm)
Sample A 0.71 8.98 9.00 (9mm Parabellum)
Sample C 0.52 7.69 7.62 (7.62 x 39mm)
Sample E 1.16 11.48 11.43 (.45 ACP)
A: Longitudinal Autopsy Tract B: Planimetric Reconstruction of Striking Caliber
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Figure 4: Reconstruction of the striking caliber from wound examination of the tissue defect.
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6 Discussion & Conclusion

The integration of projectile kinematics, human tissue wound shape morphogenesis,
macroscopic cavity mechanics, exact ODE deceleration modeling, and microscopic SEM-EDX
profiling establishes a definitive multi-tiered forensic standard. Differentiating ballistic
(firearm) trauma from sharp-force injuries requires evaluating physical failure modes,
volumetric energy dissipation, and micro-elemental deposition. Table 4 gives a comprehensive
scientific comparison, based on this study, to differentiate the two.

Table 4: Comparison between firearm impact and sharp-force trauma

Feature Firearm Trauma / Ballistic Impact  Sharp-Force Trauma

Primary Failure Hydrodynamic plastic yielding & Mechanical shear stress

Mode radial stretch

Cavity Volumetric Viemp > Vperm (extensive stretch)  Planar slit; zero volumetric

Profile expansion

Microscopic Spheroidal Pb-Ba-Sb particles, soot Absent primer elements

Residues (Fe-Cr-Ni traces)

Mathematical Basis  Nonlinear ODE deceleration & Linear elastic fracture
cavity expansion mechanics

This study establishes a multidisciplinary, rigorous protocol for differentiating firearm injuries
from sharp-force trauma based on direct human tissue examinations conducted. By
integrating exact analytical solutions of ballistic deceleration differential equations with
human tissue cavitation analysis, standardized SEM-EDX elemental profiling of the wound [1],
graphical kinetic modeling, and empirical casework evaluation, forensic investigators can
reliably predict projectile dimensions from human wound tracks and verify weapon
involvement at the micro-trace level with absolute scientific certainty.
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