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Abstract 9 

Non-lethal kinetic projectiles (NLKP) are designed to incapacitate targets through pain 10 

compliance without causing fatal injuries. Traditional injury risk assessment for rigid NLKPs 11 

typically employs the projectile's displacement within the impact zone as a surrogate to estimate the 12 

compression displacement of the target organ. However, accurately quantifying the injury effects of 13 

deformable NLKPs remains challenging, as significant projectile deformation precludes precise 14 

measurement. Drawing upon Post-Mortem Human Subject (PMHS) literature data, this study 15 

constructs a surrogate model for thoracic injury risk assessment by conducting blunt impact tests on a 16 

Hybrid III 50th percentile male dummy. This model enables the prediction of AIS 2+ thoracic injury 17 

risk based on the projectile's physical parameters and measurable compression displacement. 18 

Applying this surrogate model to evaluate the 12-gauge bean bag round, results indicate that at a 19 

terminal velocity of 60m/s, the probability of inducing AIS 2+ thoracic injury is significantly below 20 

50%.  21 

 22 

Keyword：non-lethal kinetic projectiles; digital image correlation; Surrogate model; thoracic injury 23 

assessment 24 

1 Introduction 25 

Non-lethal kinetic projectiles, which are designed to incapacitate targets without causing fatal 26 

injuries, are widely used in law enforcement and stability operations. However, practical deployment 27 

and statistics indicate that excessive injury outcomes could still occur[1]. Impacts to vulnerable regions 28 

such as the thorax and abdomen may induce rib fractures, internal organ bleeding, and 29 

cardiopulmonary dysfunction[2-5]. Experimental studies of blunt ballistic trauma have established a 30 

mature evaluation framework by integrating sensor measurements with biomechanical dummies[6], 31 

animal models[7,8], post-mortem human subjects (PMHS)[9-11], and physical surrogates[12,13]. A major 32 

limitation of these methods is the assumption that the projectile’s kinematic response can be directly 33 

recorded by external monitoring systems (such as high-speed cameras or laser displacement sensors) 34 

and used as a surrogate to estimate the compression displacement of the target organ and assess injury 35 

risk. However, for deformable NLKP, the total observed displacement at time t , denoted as36 
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( )observerved td , can be divided into two parts: 37 

 1 2( ) ( ) ( )observerved t td d d t= +
  (1) 38 

Where 1d represents the compression displacement of the target organ, 2d represents the longitudinal 39 

deformation displacement of the projectile .  40 

The stiffness of rigid NLKP is substantially higher than that of human thoracic tissue[14]; 41 

therefore, it can be reasonably approximated as a rigid body. Consequently, during impact, 2 0d  , and42 

observedd is effectively equivalent to the target organ compression. Conversely, for deformable or 43 

frangible projectiles( 2 0d  ), the projectile undergoes viscoelastic or plastic deformation during 44 

high-speed impact. This deformation cannot be directly measured by conventional methods and 45 

remains unobservant. If this deformation is ignored or the projectile is assumed to be rigid, chest 46 

compression will be significantly overestimated. This reduces the accuracy of chest injury-assessment 47 

criteria such as the Blunt Criterion (BC) [15]and the Viscous Criterion ( maxVC )[16,17] ,which depend on 48 

chest compression and compression velocity. 49 

To obtain reliable biomechanical responses under the impact of NLKPs, several approaches, 50 

such as mechanical surrogates, finite element simulation etc., are employed. Mechanical surrogates 51 

equipped with internal sensors provide repeatable, quantitative impact data and serve as standard 52 

substitutes for biological subjects[12,18,19]. However, for low-mass projectiles, the most of energy 53 

dissipation is occurred at the initial impact process, which means that the original impact signals, 54 

transferring into the internal sensor, are hard to measure. Finite element simulation can effectively 55 

model the viscoelastic deformation of projectile[20-22]. Nevertheless, without adequate experimental 56 

calibration and validation, numerical predictions may deviate from real impact responses. Regarding 57 

optical methods, high-speed camera tracking of projectile-tail displacement is suitable for rigid 58 

impacts[8,9]. However, when subjected to deformable projectiles, if we neglect the longitudinal 59 

deformation displacement of the projectile, the injury risk of blunt impact on thorax will be 60 

potentially overestimating. Piezoelectric film micrometre-scale thickness enables it to be mounted 61 

conformally on curved targets and allows direct measurement of interfacial stress transfer[23], their 62 

application in high-speed impacts is often hindered by limited sampling bandwidth[24] and high system 63 

costs. Digital Image Correlation (DIC) tracks speckle markers to enable non-contact, full-field 64 

displacement/strain measurement. It is well-suited for high-speed transient deformation[25,26]. 65 

LeSueur[27] and Wen[28] validated DIC for blunt-impact measurements. For complex contact and large 66 

deformation, Wang[29] used 3D-DIC to reconstruct transient displacement fields under high-speed 67 

impact. Compared with conventional methods, 3D-DIC can still deliver non-contact, full-field 68 

displacement when contact sensors are constrained or when strong projectile-target coupling partially 69 

occludes the impact region. Validated against the NATO AEP-99 standard response 70 

corridors[30](Thorax injury risk assessment of non-lethal projectiles), this model is applied to 71 

quantitatively assess the injury risk of a 12-gauge bean bag projectile. 72 

This study proposes a DIC-based surrogate injury assessment model to address the inability to 73 

directly quantify chest compression displacement in deformable NLKPs impacts. By quantifying the 74 
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dynamic displacement of speckles at the periphery of the impact zone, where the view is obstructed, 75 

we establish a mapping relationship to reconstruct the true central chest compression.This model has 76 

been validated against the NATO AEP-99[30] standard response corridors (thorax injury risk 77 

assessment of non-lethal projectiles) and is used to quantitatively assess the injury risk posed by 78 

12-gauge bean bag projectile. 79 

2 Material and Methods 80 

This section outlines the test materials, the DIC system, the NLKP launcher, and the 81 

data-processing workflow. The experiments aim to build and validate a DIC-based surrogate model 82 

for damage assessment. All conditions followed relevant biomechanics standards to ensure repeatable 83 

and valid data. 84 

2.1 Experimental subjects and instrumentation 85 

2.1.1 Hybrid III 50th percentile male dummy 86 

The Hybrid III 50th percentile male dummy, selected as the experimental surrogate to 87 

anthropometrically represent an average adult male, was characterized by a mass of 77.65  1.18kg, a 88 

height of 1750  10mm, and a chest depth of 221  7.6mm, with the specific material properties of its 89 

critical tissues detailed in Table 1. Furthermore, to minimize environmental variance and its potential 90 

influence on the viscoelastic response of the skin and damping materials, the laboratory environment 91 

was strictly maintained at 23  2℃ and 50 5% relative humidity in accordance with 49 CFR Part 92 

572[31] standards.  93 

Table 1:Key parameters of the dummy tissues and organs 94 

Tissue/Organ Material / Grade Material hardness Material density 

Skull Steel A357 HBS20-35 2.7 

Skin Polyurethane resin 45-50(Shore A) 1.4 

Skeleton Steel 1018 HRC20-30 7.85 

Lumbar spine Rubber — — 

Neck Rubber — — 

 95 

Figure 1: Hybrid III 50th percentile male dummy 96 
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2.1.2 Projectile types 97 

Two types of NLKPs were used in this experiment, whose material properties are listed in Table 98 

2. 99 

(1) L5 plastic baton round, which has been made of polyurethane, is a cylindrical shape with 100 

mass 30g and 140g. Its complete PMHS blunt-impact test data has been available[11]. 101 

(2) A 12-gauge bean bag round, which consists of lead pellets enclosed in a nylon fabric bag and 102 

has a nominal caliber of approximately 18.5 mm with a total mass of 32 g, was selected to represent 103 

deformable NLKPs. To reduce variability, parameters of projectiles, such as mass, length and 104 

diameter, should be checked before launching, projectiles with relative errors (Eq. 2) exceeding 3% 105 

must be excluded. 106 

Table 2: Material characteristics of the projectiles 107 

Type 

Mass 
(g) 

Length 

(mm) 
Diameter 

(mm) 
Hardness 

(HD) 
L5@140g 140 87.5 37 78 

L5@30g 30 21.5 37 78 

12-gauge bean bag round 40 — 18.5 — 

 108 

 
 

Figure 2a: L5 baton round Figure 2b: 12-gauge bean bag round 

 109 
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Where iL
and 0L

represent the measured and standard length of projectiles, im
and 0m

represent the 111 

measured and standard mass of projectiles. 112 

The NLKP launching system, comprising a power supply, trigger unit, discharge unit is designed 113 

to deliver an adjustable launch velocity exceeding 10m/s while maintaining a repeatability 3%  . 114 

These performance metrics have been verified by an independent third-party laboratory(Test Report 115 

No. C25AA2501040067). To strictly verify the kinetic parameters during the impact experiments, the 116 

instantaneous projectile velocity was acquired using a dual-beam laser velocimeter aligned 10cm from 117 

the muzzle. 118 

2.1.3 Digital Image Correlation 119 

The DIC system was configured with a stereovision setup comprising two high-speed cameras 120 
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and dual flicker-free illumination sources, utilizing specialized speckle markers provided by XTDIC 121 

to track surface deformation. System calibration was executed using the Phantom Camera Control 122 

Application (PCC), while the subsequent post-processing and extraction of raw displacement-time 123 

curves were conducted using the XTDIC DSE3D strain analysis software. Detailed technical 124 

specifications for both the hardware components and the software suite are summarized in Tables 3 125 

and 4. 126 

Table 3: Hardware system 127 

Equipment Quantity Specifications and Performance 

High-speed cameras 2 

Two Vision Research Inc. Phantom T3610 
ultra-high-speed cameras with a Nikon 80–200 
mm zoom lens; full-frame resolution and frame 

rate≥640×480 with 40,000 fps. 
Dual flicker-free illumination 

sources 
2 

200 W flicker-free lights supplied by Xi’an 
York Technology Co., Ltd. 

Speckle markers 195dots/set 
Inner diameter 10 mm; self-adhesive; matte 

surface finish. 

Table 4: Technical specifications of the software system 128 

Metric Specifications and Performance 

Strain measurement range 

0.005%-2000%; 
2D strain accuracy≤20μs; 
3D strain accuracy≤50μs. 

Displacement measurement accuracy 0.01mm 

Computation functions 

3D displacement; strain X, strain Y, strain XY; 
maximum and minimum principal strain; von 
Mises strain; Tresca strain; shear angle; etc. 

   129 

Figure 3: XTDIC DSE3D strain analysis software 130 

2.2 Experimental setup 131 

2.2.1 Instrument setup 132 

As depicted in the experimental layout schematic (Figure 4), the dummy was positioned in a 133 

seated posture and firmly secured to a rigid test bench using high-strength restraint straps, thereby 134 

effectively constraining displacement in non-impact directions. The specific impact point was 135 

designated at the mid-sternum, spatially aligned vertically with the level of the eighth rib and 136 
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horizontally along the mid-sagittal line of the sternum. 137 

 

Figure 4: Schematic diagram of experimental layout 138 

To capture the transient impact response, two high-speed cameras were positioned bilaterally 139 

relative to the surrogate and focused on the designated impact center, forming an included angle of140 

30 = as illustrated in Figure 5. Data transmission was managed via a network switch to a host 141 

computer, while the triggering system was specifically engineered to mitigate intense electromagnetic 142 

interference generated by the launch platform. To ensure precise synchronization, a high-sensitivity 143 

acoustic sensor was employed in a master-trigger configuration; upon detecting the launch acoustic 144 

pulse, the signal was conditioned and converted into a TTL[32] output, which simultaneously triggered 145 

both cameras to align image acquisition with the projectile flight timeline. 146 

 147 

Figure 5: Layout diagram of high-speed camera 148 

2.2.2 System calibration 149 

To guarantee precise spatial reconstruction within the DIC framework, a high-precision ceramic 150 

calibration plate was employed,with specifications detailed in Table 5. The calibration process 151 
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involved positioning the plate 3 cm anterior to the dummy's impact center to acquire eighteen image 152 

sets across varying orientations, which were subsequently analyzed using the PCC software to achieve 153 

a residual score of 0.1 pixels. To preserve data integrity, the optical configuration was strictly 154 

maintained without adjustment following calibration, as illustrated in Figure 6,and any displacement 155 

of the cameras necessitated a complete recalibration sequence. 156 

Table 5: Parameters of the ceramic calibration plate 157 

 Area Target array Target daimeter Center-to-center spacing 

Parameter 400mm×300mm 15×11 7mm 23 mm 

 158 

  

Figure 6: Calibration plate and calibration parameter settings 159 

2.2.3 Test condition 160 

To facilitate a direct biomechanical comparison, the dummy was subjected to blunt impacts 161 

under conditions identical to the PMHS datasets established by Bir[11] (Table 6), after which a 162 

rigorous inspection protocol was implemented to ensure that any skin rupture or component damage 163 

was repaired or replaced prior to subsequent testing. Furthermore, to guarantee statistical reliability, 164 

each experimental condition comprised 10N = [33]valid trials. Consequently, any trial characterized by 165 

projectile tumbling or impact point deviation exceeding a radial threshold of 1.5cmr  from the 166 

designated center was systematically discarded and repeated. 167 

Table 6: PMHS: impact test conditions 168 

Condition Projectile type Impact location 
Velocity 

(m/s) 
1 L5@140g Chest 20 

2 L5@140g Chest 40 

3 L5@30g Chest 60 

 169 

2.3 Data Processing 170 

2.3.1 Data Processing and Scaling 171 

Given that the raw displacement-time curves acquired by the DIC system were inevitably 172 

contaminated by high-frequency noise and mechanical jitter resulting from the high-velocity impact 173 

events, signal conditioning was requisite to isolate the underlying biomechanical response. 174 
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Consequently, the displacement data were filtered in strict accordance with SAE J211[34]and ISO 175 

6487[35]standards utilizing a zero-phase, fourth-order Butterworth low-pass filter (Channel Frequency 176 

Class, CFC), the time-domain difference equation of which is expressed as: 177 

0 1 2 1 2( ) ( ) ( 1) ( 2) ( 1) ( 2)Y t a X t a X t a X t bY t b Y t= + − + − + − + − . 178 

Where 179 
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
 = − +  − +  +   (3) 180 

Where
( )X t

and
( )Y t

denote the raw input signal and the filtered output, respectively, whereas T181 

signifies the sampling interval and CFC corresponds to the 3dB cutoff frequency defined by the 182 

selected channel class.  183 

Although Eq.(3) fundamentally describes a second-order recursive filter, a phaseless fourth-order 184 

response strictly compliant with the CFC 1000 specification of NATO AEP-99[30]was achieved by 185 

applying the filter bi-directionally to eliminate phase shift. Subsequently, to compensate for 186 

anthropometric discrepancies between the surrogate and the human subjects, and to facilitate a direct 187 

comparison with the PMHS datasets reported by Bir[11], the filtered displacement-time curves were 188 

normalized utilizing proportional scaling law[30]expressed as: 189 

 

( ) ( ) PMHS
norm filter

Dummy

D
D t D t

D
= 

  (4) 190 

Where
( )normD t

 represents the normalized dummy chest displacement-time data, ( )filterD t denotes the 191 

filtered dummy displacement, DummyD
refers to the standard chest depth of the Hybrid III 50th percentile 192 

dummy (221 mm), PMHSD
represents the reference chest depth of a 50th percentile adult male (236 193 

mm).  194 

Following this preprocessing phase, to mitigate experimental variability and establish a robust 195 

representative response, the arithmetic mean of the time-resolved displacement was computed across 196 

the ten valid trials ( 10N = [33]) for each impact condition, as mathematically defined by Eq. (5). 197 

 

10

1

( )
1

( )
10

j i

i

jD t D t
=

= 
  (5) 198 

Subsequently, the chest compression velocity, denoted as
'

( )jD t , was derived via numerical 199 
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differentiation of the mean displacement signal utilizing the standard central difference algorithm 200 

prescribed by SAE J211, expressed in Eq. (6). 201 

 
( ) ( )8 ( ) ( ) ( 2 ) ( 2 )

( )
12

j j j j

j

t t t t t tD D t
t

t

D D
D

t


+  − − − +  − − 
=


  (6) 202 

Finally, to quantify the soft-tissue injury risk, the Viscous Criterion (VC)—representing the 203 

instantaneous product of compression velocity and normalized compression ratio—was calculated, 204 

with the maximum value ( maxVC ) for each condition determined according to Eq. (7). 205 

 

max

0

( ) ( )
VC max

j jt

D

D D t 
=   

    (7) 206 

2.3.2 Validation Benchmark 207 

To establish a rigorous validation benchmark for the three standard impact conditions outlined in 208 

Table 6, the biomechanical response corridors defined in the NATO AEP-99 standard were adopted as 209 

the reference ground truth. As delineated in Tables 7 and 8, these corridors quantify the admissible 210 

boundaries for the chest-center displacement and the maximum Viscous Criterion ( maxVC ) under 211 

varying kinetic-energy loads. Consequently, the efficacy of the proposed surrogate injury-assessment 212 

model was evaluated by determining whether the reconstructed displacement trajectories and 213 

calculated injury criteria fell strictly within these biomechanical response corridors. 214 

Table 7: Validation of PMHS chest displacement under impact from L5 plastic baton round 215 

Test condition 
Lower time 
bound (ms) 

Lower 
displacement 
bound (mm) 

Upper time 
bound (ms) 

Upper 
displacement 
bound (mm) 

1 

0 0 0 0 

2 12 0.5 10 

5 18 2.3 20 

— — 5 26 

2 

0 0 0 0 

2 20 1 40 

8 38 6 70 

3 
0 0 0 0 

1 5 0.5 12.5 

3 8 12 8 38 

Table 8: Boundary limits of chest maxVC
for PMHS impacted by L5 plastic baton round 216 

Test condition VCmax limits (m/s) 

1 [0.24,0.51]  

2 [0.65,2.35]  

3 [0.14,0.6]  
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2.3.3 Independent Variables of the Injury-Assessment Surrogate Model 217 

To construct the multivariate injury-assessment surrogate model, the experimental dataset 218 

acquired from the controlled surrogate impact tests was utilized to define a set of candidate 219 

independent variables representing the kinematic and geometric characteristics of the collision. 220 

Specifically, the potential predictors evaluated included projectile mass, impact velocity, kinetic 221 

energy, momentum, specific kinetic energy, and the radial distance from the tracking speckle to the 222 

impact center, the full definitions and units of which are systematically itemized in Table 9. 223 

Table 9: Fitting independent variables and dependent variable 224 

Independent variables Dependent variable 

m  v  E  P  PE  0C  0PC  dis   K  

3 Results 225 

Following the exclusion of trials characterized by clear outliers or abnormal impact attitudes, 150 226 

valid L5 samples has been retained for the development and validation of the surrogate model. 227 

Additionally, five valid 12-gauge bean bag rounds were selected for model application. 228 

3.1 Feature analysis of speckle-displacement signals 229 

Upon examining the raw kinematic data acquired by the XTDIC system, the displacement-time 230 

curves recorded at the periphery of the impact zone exhibited a distinct morphological consistency 231 

with the standard biomechanical response corridors derived from PMHS data, despite a marked 232 

reduction in signal magnitude. As exemplified by the representative response curve for Condition 2 233 

(Figure 7), while the peak peripheral displacement was significantly attenuated to approximately 5.1 234 

mm-a value substantially lower than the typical central chest deflection range (30-50 mm)-the 235 

temporal phase characteristics remained highly synchronized with the external ballistic loading event. 236 

Specifically, the temporal milestones, including the initiation of the rapid loading phase at 0t = ms and 237 

the attainment of peak displacement at approximately 5.5t = ms, exhibited a waveform topology 238 

parallel to the AEP-99[30] validation corridors. These signal characteristics indicate that, although the 239 

stress-wave dissipation inherent to the viscoelastic skin and soft tissues results in amplitude 240 

attenuation, the linear kinematic transfer function between the peripheral surface response and the 241 

concealed central compression is effectively preserved during the loading and unloading-rebound 242 

phases. 243 
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 244 

Figure 7: Condition 2 ( 11.55cmdis = ): original displacement–time curve 245 

Predicated on this observation of linear topological similarity, an equivalent-displacement 246 

mapping hypothesis was formulated to reconstruct the true central compression from the peripheral 247 

measurements, mathematically expressed as: 248 

 eq ( ) ( )normD t K D t= 
  (8) 249 

Where eq ( )D t
represents the true central compression displacement,

( )normD t
denotes the peripheral 250 

speckle displacement, K serves as the scaling factor. 251 

To quantify this scaling factor, a functional relationship was established based on the dataset of 252 

150 valid trials. Subsequently, multivariate linear regression was employed to correlate the candidate 253 

independent variables with the empirically derived K values, thereby formally constructing the 254 

surrogate injury-assessment surrogate model for NLKPs. 255 

3.2 Surrogate model development and validity verification 256 

Given that kinematic parameters such as kinetic energy ( E ) and momentum ( P ) are 257 

mathematically derived from projectile mass ( m ) and velocity ( v ), the initial dataset inevitably 258 

contained intrinsic dependencies. To mitigate the risk of parameter instability and overfitting caused 259 

by such multicollinearity[30], a Variance Inflation Factor (VIF) analysis was conducted on the 260 

candidate predictors (Table 10). The analysis revealed that the VIF values for derived 261 

variables-specifically kinetic energy, momentum, and specific kinetic energy-approached infinity or 262 

significantly exceeded the standard threshold of 10, indicating severe information redundancy. 263 

Consequently, these highly collinear variables were excluded from the regression model, while v ,264 

0PC
, dis  were retained as the core independent variables. 265 

Table 10: VIF test for independent variables 266 

Independent variables 0C
 PE  E  m  P  
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VIF 119700 Inf Inf 12563.97 770.5 

To verify that the screened variable set satisfied the independence assumption required for 267 

multivariate linear regression, a Pearson correlation analysis was performed (Figure 8). The resulting 268 

correlation heatmap demonstrates that the absolute correlation coefficients between the retained 269 

predictors remained below 0.42, confirming that the selected feature set effectively minimizes 270 

redundant information while adhering to the orthogonality requirements of the regression framework. 271 

 272 

Figure 8: Heatmap of predictor correlations 273 

Furthermore, a Principal Component Analysis (PCA) was employed to ascertain whether the 274 

three retained predictors ( v , 0PC
, dis ) constitute an irreducible feature set (Figure 9). The analysis of 275 

cumulative explained variance indicated that the first two principal components (PC1 and PC2) 276 

accounted for only 81.5% of the total variance, falling short of the generally accepted 95% 277 

information retention criterion. Full information recovery (100% variance) was achieved only upon 278 

the inclusion of the third component, providing robust statistical evidence that all three predictors 279 

offer unique and indispensable contributions to the feature space. 280 
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 281 

Figure 9: Cumulative explained variance of principal components 282 

Based on these feature selection results, a multivariate linear regression model was constructed 283 

to predict the displacement scaling factor ( K ). The final model, expressed in Eq. (9), achieved a 284 

coefficient of determination
2 0.68R = . Considering the inherent nonlinearity and stochastic variability 285 

associated with the viscoelastic response of the biomechanical surrogate (dummy skin and damping 286 

materials), this goodness-of-fit indicates that the model successfully captures the primary mapping 287 

relationship between the peripheral kinematic observables and the central compression scaling factor. 288 

 0
ˆ 0.19 0.035 0.0165 0.7715K v PC dis= − − + +   (9) 289 

Incorporating this scaling factor into the Viscous Criterion framework defined by NATO 290 

AEP-99, the generalized injury-assessment equation for deformable NLKPs is derived as:291 

 

max

2 3 2

0

ˆ ˆ( (
VC

( 0.19 0.035 0.0083 / 0.77 )
  

2

) )

2 3

dis dis

dis dis

KD KD

v

D

m v S dis D D






=

− − + + 
=

  (10) 292 

3.3 Biomechanical validation of the surrogate model 293 

To rigorously evaluate the predictive fidelity and robustness of the developed surrogate model 294 

across a spectrum of impact severities, three representative test cases (Conditions 1-3) were 295 

stochastically selected from the valid dataset of 150 trials. For each validation case, the specific 296 

kinematic inputs, comprising v , 0PC
, dis were extracted and listed in Table 11. By substituting these 297 

experimentally acquired parameters into the derived multivariate regression equation (Eq. 9) and the 298 

reconstruction function (Eq. 10), the corresponding displacement scaling factors ( K ) were computed 299 

as 6.67, 8.17, and 4.34 for Conditions 1, 2, and 3, respectively. 300 
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Table 11: Selected condition 301 

Condition v PC0 dis K̂  

Condition 1 19.88 7.21 9.64 6.67 

Condition 2 39.5 50.05 11.55 8.174 

Condition 3 59.52 8.99 8.36 4.34 

Subsequently, the time-resolved central chest compression was reconstructed and compared 302 

against the standard biomechanical response corridors defined in NATO AEP-99, as illustrated in 303 

Figure 10. The results demonstrate a high degree of morphological concordance between the 304 

predicted trajectories and the PMHS reference corridors; specifically, the reconstructed curves not 305 

only strictly confine their peak magnitudes within the admissible validation boundaries but also 306 

accurately replicate the characteristic waveform topologies, including the rapid loading rate during the 307 

initial compression phase, the temporal synchronization of the peak displacement, and the nonlinear 308 

recovery trends observed during the unloading-rebound phase. 309 

Further quantitative assessment of the injury risk was conducted via the Viscous Criterion (VC ) 310 

time histories presented in Figure 11. The analysis confirms that the calculated maximumVC values 311 

for all validation conditions (Condition 1: 0.34m/s; Condition 2: 1.37m/s; Condition 3: 0.32m/s) fall 312 

strictly within the requisite biomechanical boundary limits (e.g., the calculated maxVC of 1.37m/s for 313 

Condition 2 lies well within the [0.65, 2.35]m/s corridor). These validation results provide robust 314 

statistical evidence that the proposed DIC-based surrogate model effectively overcomes the occlusion 315 

challenges inherent in blunt-impact testing, enabling the accurate reconstruction of rigid projectile 316 

impact responses and ensuring reliable biomechanical assessments consistent with international 317 

standards. 318 

   

Condition 1: 6.67× 
amplification factor 

Condition 2: 8.17× 
amplification factor 

Condition 3: 4.4× 
amplification factor 

Figure 10. Displacement-time curves for conditions 1-3 after scaling-factor amplification 319 

   

Condition 1: 6.67× Condition 2: 8.17× Condition 3: 4.4× 



 - 15 - 

amplification factor amplification factor amplification factor 

Figure 11. VC-time curves for conditions 1-3 after scaling-factor amplification 320 

3.4 Injury-effect assessment of the 12-gauge bean bag round 321 

To empirically verify the generalization capability of the proposed surrogate model in assessing 322 

blunt trauma from deformable NLKPs, a 12-gauge bean bag round was tested under impact conditions 323 

kinematically comparable to the L5 rigid projectile trials. Table 12 summarizes the physical 324 

parameters measured synchronously by the DIC and velocimetry systems. Substituting these 325 

parameters into Eq. (9) yields the optimal displacement scaling factor
ˆ 5.39K = .  326 

Table 12: Measured physical parameters 327 

m v PC0 dis K̂  

31.85 60.26 9.98 9.74 5.39 

Applying this predicted scaling factor to the raw peripheral displacement data, the true central 328 

chest compression history and the corresponding Viscous Criterion ( VC ) evolution were 329 

reconstructed, as presented in Figure 12. The reconstructed displacement-time curve (Figure 12a) 330 

exhibits a smooth, nonlinear loading trajectory culminating in a peak compression of approximately 331 

10.2 mm; notably, in contrast to the sharp recoil observed in rigid projectile impacts at equivalent 332 

energy levels, the deformable bean bag round displays a significantly more gradual unloading phase. 333 

This distinct hysteresis behavior indicates that the viscoelastic deformation of the projectile filling, 334 

coupled with structural compliance, effectively prolongs the projectile-target contact duration and 335 

dissipates impact energy through internal viscous damping rather than pure elastic rebound. 336 

The quantitative injury risk assessment, derived from the reconstructed kinematics (Figure 12b), 337 

yielded a maximum
0.10maxVC m s=

. According to the injury risk functions defined in the NATO 338 

AEP-99 standard, this value is statistically far below the 50% probability threshold for AIS2+ 339 

(moderate or severe) thoracic injury and remains well within the safe operational limit of 0.8m/s, 340 

thereby indicating a low injury risk. 341 

A comparative analysis of equivalent energy conditions further elucidates the safety mechanism 342 

of deformable NLKPs. Although the 12-gauge bean bag round has a comparable kinetic energy level 343 

to the high-velocity L5 rigid projectile (Condition 3), its induced biomechanical response is 344 

considerably milder. It is only comparable to a 30g rigid baton round impacting at a much lower 345 

velocity of approximately 45m/s. This down-scaling effect demonstrates how the viscoelastic nature 346 

of the projectile absorbs kinetic energy and reduces peak loading rates, confirming the "high energy 347 

availability, low injury potential" design philosophy of deformable NLKPs. 348 
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Figure 12a: Equivalent displacement-time 

curve of the 12-gauge bean bag round 

Figure 12b: Equivalent VC-time curve of the 

12-gauge bag round 

4 Discussion 349 

The proposed non-contact injury-assessment surrogate model has been shown to have distinct 350 

advantages, the most significant of which is the utilisation of the DIC system. This system is capable 351 

of fundamentally addressing the instrumentation limitations encountered in conventional ballistic 352 

testing. In contrast to previous methodologies that relied on embedded physical sensors, such as the 353 

strain gauges and piezoelectric sensors employed by Dancerel-Bourlon[36]. to capture local signals, the 354 

full-field optical measurement approach adopted in this study resolves the critical issue regarding the 355 

inability to directly measure the central chest compression displacement within the projectile-target 356 

impact zone. Specifically, this method overcomes the inherent constraints where the large-scale 357 

deformation of NLKPs couples with the target surface to obscure the contact interface, rendering the 358 

peak compression of the thorax physically unobservable by traditional high-speed imaging or laser 359 

displacement sensors. 360 

From a statistical perspective, the reliability of the model was subjected to rigorous scrutiny 361 

through the implementation of a VIF analysis, a process that enabled the elimination of highly 362 

collinear derived variables. Subsequent to this, a PCA was employed to ascertain that the three 363 

retained core predictors ( v , 0 PC
, dis ) accounted for 100% of the variance in the original feature 364 

space. This analysis facilitated the construction of a robust multivariate linear regression model. 365 

Although the coefficient of determination (
2R ) approximated 0.7, it is noteworthy that this value is 366 

statistically significant given the intrinsic nonlinear viscoelastic response and the material 367 

heterogeneity associated with the experimental surrogate. This observation serves as an indication that 368 

the model successfully encapsulates the primary mapping relationship between the peripheral 369 

kinematic inputs and the central displacement scaling factor ( K ). 370 

In the three validation trials involving the rigid L5 projectile (Conditions 1-3), the reconstructed 371 

equivalent displacement-time curves demonstrated a consistent alignment with the NATO AEP-99[30] 372 

acceptance corridors, particularly at the points of peak deflection. Furthermore, the predicted values 373 
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for the maxVC remained strictly within the requisite biomechanical boundary limits. For instance, the 374 

Condition 1 prediction of 0.34 m/s falls well within the 0.24-0.51m/s interval. This provides robust 375 

evidence that this statistical surrogate model accurately captures the energy-transfer mechanics 376 

characterizing blunt ballistic impacts. 377 

The application of the model to the 12-gauge bean bag round further elucidated a distinct 378 

energy-dissipation mechanism specific to deformable projectiles. Despite the 12-gauge bean bag 379 

round possessing kinetic energy at 60m/s comparable to that of the high-risk 30g L5 rigid projectile 380 

(Condition 3), the induced maxVC was restricted to merely 0.10m/s, a value substantially below the 381 

safety threshold of 0.8 m/s defined by the NATO AEP-99 standard. This implies a minimal 382 

probability of sustaining AIS 2+ (Abbreviated Injury Scale) thoracic injuries, such as rib fractures or 383 

organ contusion. The underlying safety mechanism is attributed to the viscoelastic nature and 384 

structural behavior of the projectile: upon impact, the bean bag undergoes significant macroscopic 385 

flattening while exhibiting viscoelastic damping characteristics. Consequently, the mitigation of 386 

injury risk is not merely a function of energy dissipation but also a result of the redistribution of 387 

impulse over a larger effective contact area, which reduces localized stress concentrations on the 388 

thoracic cage. This process also prolongs the projectile-target interaction duration, "smoothing" the 389 

impact load and significantly reducing the efficiency with which kinetic energy is converted into 390 

potentially injurious biomechanical responses. 391 

Notwithstanding the demonstrated predictive performance, it must be acknowledged that the 392 

scaling factor K was calibrated primarily using the rigid L5 dataset, which may introduce 393 

generalization errors when applied directly to deformable NLKPs with varying material properties. 394 

However, given the substantial safety margin observed between the measured maxVC
and the injury 395 

threshold (0.8m/s), the conclusion regarding the low lethality of the tested rounds remains robust even 396 

when accounting for potential model uncertainties. Future research will focus on two distinct avenues 397 

to enhance model applicability: first, the integration of high-fidelity human finite-element models will 398 

facilitate the augmentation of experimental data with simulated internal stress-field measurements[20], 399 

thereby supporting the precise calibration of surrogate-model coefficients for deformable projectiles; 400 

second, the expansion of the experimental database to encompass impacts across diverse angles and 401 

anatomical locations will be instrumental in refining the model's validity under complex, real-world 402 

operational conditions. 403 

5 Conclusions 404 

Deformable less-lethal kinetic projectiles undergo large, nonlinear deformation. This makes 405 

chest-compression response hard to measure directly. We developed a DIC-based, full-field, 406 

non-contact injury-assessment surrogate model. The model maps peripheral speckle displacement to 407 

central compression. It mitigates measurement occlusion and interference. L5 rigid-projectile tests 408 

confirmed its statistical reliability and biomechanical validity consistent with AEP-99. Tests on a 409 

12-gauge bean bag round showed a low peak viscous response at 60m/s, max 0.10m/sVC =
, well below 410 
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the injury threshold. This quantifies a “high energy-low injury” dissipation mechanism driven by 411 

structural deformation. The model may still have some generalization error. Even so, it offers a new 412 

path for blunt-impact injury risk assessment of deformable, less-lethal kinetic projectiles. 413 
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