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ABSTRACT

A simulation finite-element model of the destruction process of biomaterials of the human musculoskeletal system under
shock-wave effects of a contact explosion is substantiated to predict the nature and extent of damage to the lower limbs,
including designing special explosion-proof shoes. The physical and mechanical properties of the biological tissues of human
lower limbs and their behavior under local shock-wave action were analyzed. The mechanical behavior of each biological ma-
terial as part of a mathematical model of a human lower limb was selected. The original finite-element model of the human
lower limb symmetrically interacted with the main components of its anatomical structures. The developed computational
model was verified using data obtained from the results of experiments on mechanical and shock-wave effects. A specialized
program for processing the received data was created, which implements an algorithm for processing received graphic im-
ages of changes in pressure indicators and accelerations over time to obtain tolerance curves. Several numerical calculations
were performed to simulate contact detonation through the protective composition of the developed model of the lower limb.
Pressure and acceleration tolerance curves were derived from the results of the calculations, animations of the behavior of
anatomical structures of the lower limb under shock-wave action were created, and the propagation of the pressure field
within them was visualized. In the future, the proposed method of conducting “virtual” tests can be employed to solve applica-
tion issues of testing to protect the lower extremities of sappers. In general, the use of computer modeling techniques will help
reduce the time and cost of producing new samples of protective products in the interests of the country’s defense capability.

Keywords: mathematical modeling; modeling of biological tissues; spatial finite element model; factors of a near explosion;
mine protection; means of protecting the lower extremities; pressure tolerance curves; shock wave effect.
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AHHOTALMA

060CHOBLIBAETCA WMUTALMOHHAS KOHEYHO-3/IEMEHTHas MOJEeNb Mpouecca paspylueHus BuomaTepuanoB OMOPHO-ABUra-
Te/bHOr0 annapata YenoBeKa Npu yAapHO-BOJIHOBOM BO3AE/CTBUW KOHTAKTHOTO B3pbiBa A/1f NPOrHO3MPOBaHWUA XapaKTepa
1 06beMa NOBPEXAEHUA HUKHUX KOHEYHOCTEN YeN0BeKa, B TOM YUC/Ie NpU NPOEKTUPOBaHUN CMieLManbHON B3PbIBO3ALLMTHOM
00yBK. AHaNM3MpYIOTCS HayyHble AaHHbIE, ONUCLIBAIOLLIME (U3NKO-MEXaHUYECKME CBOMCTBA OMONOTMYECKMX TKAHEH HUMHUX
KOHEYHOCTe! YenioBeKa W 1X NOBEAEHME MPU IOKaNbHOM yapHO-BOHOBOM Bo3pelicTun. OcyLuecTBneH nogbop MexaHuue-
CKOTO MOBefieHNs ANs Kawaoro 61onornyeckoro Matepuana B COCTaBe MaTeMaTUYECKOW MOJENN HUKHEH KOHEYHOCTH Ye-
noseka. 0b0oCHOBaHa OpUruHanbHas KOHEYHO-3/1eMEHTHaAs MOAESb HUMHEN KOHEYHOCTM YeNloBeKa C HAaCTPOEHHBIM B3auUMO-
[eNCTBMEM OCHOBHbIX COCTAB/ISIOLLIMX €€ aHaTOMUYECKUX CTPYKTYp ApYyr ¢ ApyroM. lpoBeaeHa BepuduKaums paspabotaHHoM
pacyeTHOM MOAENN C AaHHBIMU, MOJTyYeHHbIMU MO Pe3yNbTaTaM 3KCNepPUMEHTOB C MEXaHUYECKUM U YapHO-BOSTHOBLIM BO3-
pevicteueM. CospaHa cneumanvsvpoBaHHas nporpaMMa 0bpaboTku NoyyeHHbIX faHHbIX, B KOTOPOW peanu3oBaH airoputM
0bpaboTky nonyyaeMbIx rpadmyeckmx M3obpaxKeHnin M3MEHEHMIN NOKa3aTenen AaBNIEHUIA U YCKOPEHUIA BO BPEMEHM, C LIESbIO
MoNy4eHUst KpUBbIX TONEPAHTHOCTW. [IpoBefieH AL, YNCTEHHbBIX PacHeToB, UMUTUPYIOLLMX KOHTAKTHbIW NOAPLIB Yepes 3aluumT-
HYH0 KOMMO3MLMI0 pa3paboTaHHO! MOAENM HUXKHEl KoHeYHOCTW. 1o pe3ynbTatam NpoBeAeHHbIX PacHeToB MosyYeHbl KpUBbIe
TONEPaHTHOCTM [ABJIEHNIN U YCKOPEHWH, CO3[,aHbl aHUMaLMK NOBEAEHWs aHaTOMUYECKUX CTPYKTYP HUXKHEl KOHEYHOCTM Yeno-
BEKa Npu yAapHO-BOJIHOBOM BO3[/CTBIUM, NOJyYeHa BU3yannu3aLums pacnpocTpaHeHus nons AaBneHui B HUX. B nepcnextuse
npeacTaBieHHas MEeTOAMKA NPOBEJEHNUS «BUPTYasbHbIX» UCTIbITAHUIA MOXET NPUMEHSATLCA ANS PeLLeHNs pana NPUKNaLHbIX
BOMPOCOB TECTUPOBAHWSA CPELCTB 3aLLUMTbl HUMHWX KOHEYHOCTEN canepa Ha 3Tane ux paspaboTku. B Lenom npuMeHenne
METOAMK KOMMbIOTEPHOr0 MofenvMpoBaHus byaeT cnocobCcTBOBaTL COKPALLIEHWIO BPEMEHW U 3aTpaT Ha NPOM3BOACTBO HOBbIX
06pa3LioB 3aLLUMTHBIX U3AENMIA B MHTEpecax 060poHOCMOCOBHOCTH CTPaHBbI.

KnioueBble ciioBa: MaTeMaTu4yeckoe MoJenupoBaHue; MoaenuMpoBaHue DMONOrMYecKnX TKaHewm; NPOCTPAHCTBEHHaA
KOHEeYHO-3JIeMeHTHaA MoJeJlb; CIJaKTUpr 0nmsKoro B3pbiBa; NPOTUMBOMUHHAA 3alluTa; CPencTtBO 3allMTbl HUMHUX
KOHEYHOCTeN; KpuBbI€ TOJ1IEPAHTHOCTHU [DaBJIEHNI; YAapHO-BOJIHOBOE BO3/1eMCTBME.
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ORIGINAL STUDIES

INTRODUCTION

At present, human body processes resulting from
the effects of explosive and gunshot trauma, including
the use of personal protective equipment, are primarily
investigated through full-scale modeling. To achieve this,
research of this kind employs various biological and synthetic
materials. Biological materials include human cadavers and
their constituent parts, as well as a range of experimental
animals. Synthetic materials include bicimitators of human
tissues and technical imitators of the human body or
its parts. Nevertheless, conducting biomedical research
using experimental animals presents considerable ethical
challenges and poses significant difficulties in comparing
the musculoskeletal systems of animals and humans owing
to their inherent anatomical differences. The use of live
humans or parts of human cadavers as test objects is even
more problematic because it raises ethical concerns and
presents practical difficulties [1, 2].

A potential solution to this problem is to incorporate
various modeling techniques into the testing process.
These techniques may include the use of biosimulators of
living tissues, technical devices for parameter monitoring,
and simulation models for comprehensive process
modeling. At present, computer-aided engineering
software systems are widely used in technical scientific
studies. The main applied task of this methodology can be
the selection of optimal parameters of complex materials
and the creation of interaction models of these materials
and their destruction [3, 4].

When developing numerical models of biomaterial
behavior, even when solving similar problems, full
correspondence between the results of modeling and in situ
tests cannot be achieved because of the strong influence
of geometric and physicomechanical parameters of each
biological sample on the final result. In addition, calculating
the expected biomaterial damage from the multifactorial
effects of a close explosion is further complicated
by the presence of protective structural elements to
the computational model [5, 6].

Lower leg and foot injuries caused by contact explosion
to the lower extremities protected by special anti-explosion
footwear can be reasonably attributed to a separate type
of mine explosion injury, called “barrier” mine explosion
injury in individuals wearing anti-explosion footwear. If
the protective effectiveness of the footwear is sufficient,
characteristically, in most cases, most of the energy of
a near explosion is spent on the destruction of the protective
elements of the sole, and the remaining energy is transferred
to the “shock shift” of the underlying foot structures. In this
case, the casualty may sustain different closed injuries
such as skin abrasions, soft tissue contusions, ligamentous
injuries, and fractures of the bones of the foot and lower
third of the tibia. In addition, if the protective structure is
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destroyed, injuries characteristic of a classic contact mine
blast wound may be observed, with open injuries and even
detachment of the foot [7, 8].

This study aimed to substantiate a finite-element model
of the human lower extremity to simulate the destruction
of musculoskeletal biomaterials under the shock-wave
impact of a contact explosion, predict the nature and
volume of damage to the human lower extremity, and
solve applied problems in the design of special explosion-
proof footwear.

MATERIALS AND METHODS

The finite-element technique was used to model
shock-wave impact on the lower extremity and evaluate
the behavior of the biological materials of which it
is composed under the contact action of the blast.
This modern computational mechanics is based on
the decomposition of the studied structure into separate
parts that are finite elements connected by nodes.
The set of the interconnected finite elements attached to
the base forms a design scheme called a finite-element
(computational) model.

Using scientific data on the physical and mechanical
properties of biological tissues of the human lower extremity
and their behavior under shock-wave impact, an original
full-scale finite-element model of the lower extremity of an
adult male was developed with maximum consideration of
all dimensional characteristics of its anatomical structures
and physical and mechanical properties of the main biological
tissues. With the labor-intensive and complicated process,
the main stages of the model development are presented in
the Results and Discussion.

The finite-element model was validated by comparing
computational and experimental data (pressure and
acceleration indices) obtained from detonating 75 g of
explosives under a protective structure (a metal plate
mimicking the protective composition of a sapper’s shoe)
over which anatomical preparations of the human lower
extremity were placed. This was conducted as part of
the research project on the development of a sapper's
protective shoe, undertaken to advance the capabilities of
the Russian engineering forces.

After research completion, radiographic signs of damage
to the lower limb fragments, high-speed video recordings,
and acceleration and pressure sensor data were analyzed.
The schematic diagram of the full-scale experiment is shown
in Figure 1.

The results of the virtual (numerical) experiment
simulating the impact of blast effects on the human lower
extremity were analyzed in graphical format to determine
the propagation of pressure and acceleration fields and
predict the potential destruction of major anatomical
structures.
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Additional weight 40 kg

Sheet metal 3 mm
(fixed around the perimeter)

150 mm Explosive 75 g TP
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Plate Air
Air

Earth
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Fig. 1. Presentation of the experiment and associated calculations: a — experimental scheme; b — calculation scheme
Puc. 1. CxeMatuyeckoe M3obpaeHue NpoBefeHUA SKCMEPUMEHTa: @ — CXeMa 3KCTepuMeHTa; b — cxeMa pacyeTa

The study was conducted in accordance with the pro-
ject “Study of the creation of protective footwear for
sappers” (project code “Foot”), which is part of the sci-
entific work plan of the Armed Forces of the Russian
Federation.

RESULTS AND DISCUSSION

The model of an elastic-viscous—plastic material with
a fracture criterion based on the maximum value of effective
plastic deformation was employed as the foundation for
the developed mathematical model of materials comprising
spongy and compact bone tissues (femur, fibula, and tibia)
within the lower limb finite-element model. The effect of
plasticity in this model must be considered because strain
accumulation is a significant factor and, simultaneously,
serves as an indicator of potential damage. The physical
and mechanical characteristics of the materials comprising
the patella, talus, cuboid, navicular, lateral cuneiform,
intermediate and medial cuneiforms, metatarsals, and
phalanges are analogous to those observed in tibial
materials. Importantly, the calcaneal bone was subdivided
into three distinct layers, namely. the compact substance,
spongy substance, and marrow, in accordance with
the expression of the “marrow component” (red bone
marrow) [9, 10]. The physical and mechanical properties of
the bones included in the numerical model are summarized
in Table 1.

A hyperelastic material model, which allows for
the specification of viscous properties, was employed
for the modeling of the lower limb muscles [11, 12].
The equations embedded in the material maps are described
in detail in the user manual for LS-DYNA [13]. The physical

DAl https://doiorg/10.17816/brmmaé29470

and mechanical properties of muscle tissues are summarized
in Table 2.

Hyperelastic and viscoelastic material models are
commonly used for human skin modeling. M. Ottenio
et al. [14] presented a comparative analysis of three
hyperelastic material models: Mooney — Rivlin, Ogden, and
Neo-Hookean. These models were selected through an
experimental process conducted using SIMULIA Abaqus.
The Ogden model was chosen as a skin model given its
accuracy in describing the mechanical properties of skin.
The physical and mechanical properties of the skin are
summarized in Table 3.

Discrete elements (springs) are usually used to model
tendons. For single-degree-of-freedom discrete elements,
the mathematical material model “MAT_SPRING_GENERAL _
NONLINEAR" is used. This material models the properties
of an elastic spring (compression or torsion) with variable
stiffness. In addition, the strain rate effects can be considered
using a velocity-dependent scaling factor. Therefore,
the mathematical material model “S04_MAT_SPRING” with
elastic mechanical behavior was used to model the tendons.

In the modeling of ligaments, the use of “flat” elements
is an effective approach, as it allows for the consideration of
shear deformations while reducing the computational cost
compared with the volumetric element method. In scientific
publications, two principal material models are presented:
the elastic MAT_1 (MAT_ELASTIC), which reproduces an
isotropic hypoelastic material, and the elastic—plastic MAT_19
(*MAT_STRAIN_RATE_DEPENDENT_PLASTICITY), which
represents an isotropic elastic—plastic material for which
the strain rate dependence can be specified [15, 16]. The physical
and mechanical properties of ligaments are summarized
in Table 4.
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Table 1. Physical and mechanical properties of the bones of the lower limbs
Tabnuua 1. Du3nKo-MexaHUYecKne CBOMCTBA KOCTEN HUMHEN KOHEYHOCTH

Bulletin of the Russian Military Medical Academy

Indicators Delll(;i/tx‘a(P), moYdouul:g ?E)’ POiSSt::l'.S ur:ittio o mojuhlzzr(s)’ elBausl:(icri?)?c:;l)usl\dt:’fa
MPa MPa '
Compact substance of the tubular bone 2x 103 15 000 0.3 5769 12 500
Spongy substance of the tubular bone 1.1 % 10 4bh 0.3 - -
Compact substance of cancellous bone 2x 103 14 000 0.3 5385 11 667
Spongy substance of cancellous bone 1.1 % 10 292 0.3 - -
Cancellous red marrow 2x103 15000 0.3 5769 12 500
Compact substance of the tubular bone 6 x 103 445 0.45 - -
Spongy substance of the tubular bone 9.75 x 10° 2 0.167 - -
Table 2. Physical and mechanical properties of muscle tissues
Tabnuua 2. P13nKo-MexaHNYeCKKe CBOMCTBA MbILLIEYHbIX TKaHe
Indicators Value
Density, kg/m® 1.1 x 10°
Poisson'’s ratio, rel. unit 0.495
Shear modulus for frequency-independent damping, MPa 1
Stress limit for frequency-independent friction damping, MPa 0.001
Hyperelastic coefficients (C10), rel. unit 0.04
Additional shear relaxation modulus (GI_1), MPa 0.1
Attenuation parameter (BETAI_1), rel. unit 0.1
Fracture strain (MAT_ADD_EROSIONEFFEPS), rel. unit 1.1
Table 3. Physical and mechanical properties of the skin
Tabnuua 3. Du3KKo-MexaHUYecKne CBOMCTBA KOXMU
Indicators Value
Density, kg/m® 1.1x 108
Poisson’s ratio, rel. unit 0.495
Shear modulus, MPa 0.0096
Degree index, rel. unit 35.993
Shear relaxation modulus (GI_1), MPa 0.34
Attenuation constant (BETAI_1), rel. unit 0.593
Fracture strain (MAT_ADD_EROSIONEFFEPS), rel. unit 0.7
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In the final stage of developing a numerical model
of the human lower limb, a three-dimensional model
was constructed using published data [17]. This enabled
the creation of a comprehensive numerical model comprising
a tetrahedral finite-element mesh, which incorporates
specific geometric parameters (Fig. 2).

Table 4. Physical and mechanical properties of the ligaments
Tabnuua 4. U3nKo-MexaHUYecKne CBONCTBA CBA3OK

To test the model, four identical experiments were
conducted. These included the recording of images and
videos of the human lower limb fragments, which were
then analyzed to determine the motion parameters (Fig. 3).
The results demonstrated a high degree of correlation
between the numerical model and the full-scale experiment.

. Young's .
Ligament/tendon Behavioral mechanics le “s"¥' modulus, Poisson’s ratio, Depende_nce
g/m MPa rel. unit on the strain rate
Tendon of the quadriceps femoris Elastic 11 % 10° 800 0.49 B
muscle
Patellar ligament Elastic 1.1 % 103 800 0.49 -
Lateral meniscus Elastoplastic 12 0.33 +
Medial meniscus Elastoplastic 12 0.33 +
Posterior ligament (meniscus) Elastic 1.1 % 10 53 0.49 -
Transverse ligament (meniscus)  Elastic 1.1 %103 53 0.49 -
Posterior cruciate ligament Elastoplastic 1.1 x 10° 543 0.49 +
Anterior cruciate ligament Elastoplastic 1.1 % 103 543 0.49 +
External collateral ligament Elastoplastic 1.1 x 10° 543 0.49 +
Internal collateral ligament Elastoplastic 1.1 x 10° 543 0.49 +
Interosseous membrane Elastic 1.1 x 10° 53 0.49 -
Transverse ligaments (phalanges) Elastic 500 1000 0.3 -
Ligaments (metatarsus — Elastic 50 03 _
phalanges)
Long plantar ligaments Elastic 1000 0.3 -
lF_’lantar calcaneonavicular Elastic 11 % 10° 53 0.49 _
igament
Deltoid ligament Elastic 1.1 %103 401 0.49 -
ﬁnterior intertrochanteric Elastic 11 x 10° 53 0.49 _
igament
Fosterlor intertrochanteric Elastic 11x 10° 53 0.49 B
igament
Medial ligament Elastic 1.1 %103 401 0.49 -
Posterior talofibular ligament Elastic 1.1x10° 401 0.49 -
Anterior talofibular ligament Elastic 1.1 % 10 401 0.49 -
Posterior talofibular ligament Elastic 1.1 % 103 53 0.49 -
Fibulocalcaneal ligament Elastic 401 0.49 -
Talus ligament Elastic 1.1 % 10° 53 0.49 -
Euboidal navicular cuneiform Elastic 100 03 _
igament
Cuboidal navicular cuneiform Elastic 11 % 10° 53 0.49 _

ligament 2
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50.5cm

17.3 cm

54 cm
37cm
24.2 cm
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12.1 cm

100 cm

9cm

41.4 cm
41 cm

8.9 cm

6.6 cm

26.1 cm

Geometric parameters
« Height: 1000 mm
« Height: 1000 mm
« Length: 154 mm

c

Fig. 2. Geometric dimensions of the calculated model of the human lower limb: @ — dimensional parameters of the 3D model;

b — dimensional parameters of the bone skeleton; c — parameters of the finite-element model
Puc. 2. TeoMeTpuyeckme pasMepbl pacyeTHOM MOAENM HUMHEN KOHEYHOCTM YesloBeKa: @ — pa3MepHble napametpbl 3D-Mogeny;

b— pa3MepHble NapaMeTpbl KOCTHOIO 0CTOBA; € — MapaMeTpbl KOHEYHO-3/IEMEHTHOW MOAENN

20 ms 30 ms 40 ms 50 ms 70 ms

b

0ms 10 ms

Fig. 3. Modeling of the undermining of the lower limb through the protective structure: @ — changing the contour of the lower limb in

time; b — moving the “toe” of the lower limb when detonating explosives weighing 75 g
Puc. 3. MopenvpoBaHie NOLPbIBA HUMHEH KOHEYHOCTU Yepe3 3aLUMTHYH CTPYKTYPY: @ — W3MEHEHWE KOHTYPA HUMHENA KOHEUYHOCTU

BO BpeMeHU; b — nepeMelLLieHne «HOCKa» HUKHel KOHeYHOCTU npu noapbise BB Maccon 75 1
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Fig. 4. Accelerations of the lower limb during the detonation of explosives weighing 75 g obtained during field tests
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Fig. 5. Accelerations of the lower limb during the detonation of explosives weighing 75 g in numerical simulations
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Table 5. Verification of the destruction of the lower limb
Tabnuua 5. Bepudmkaums paspyLueHmit HUKHER KOHEYHOCTH

Vol. 26 (3) 2024

Bulletin of the Russian Military Medical Academy

Test result, %

Bone
In situ Virtual

Calcaneum Fracture 100 Comminuted fracture
Talus Fracture 75, crack 25 Fracture
Cuboid Crack: probability 25 No
Navicular No No
Lateral Defect: probability 25 No
Intermediate No No
Medial No No
Fibula Fracture: probability 50 Fracture
Tibia Fracture: probability 100 Fracture
Patella No No
Femur No No

During the full-scale testing phase, two accelerometer
sensors were installed on the studied object. These
were positioned in the lower (H) and upper (B) thirds of
the tibia. The sensor readings are presented as graphs
in Figure 4.

In the numerical modeling phase, the calculated
acceleration indices were obtained for sensor B with
acceleration amplitude of 1450 g and duration of 0.39 ms,
which correlates closely with the data obtained during
the full-scale tests (Fig. 5). The results of the comparison of
lower limb fractures are summarized in Table 5.

In principle, all lower limb fractures can be divided into
those with and without displacement of bone fragments.
Displacement of bone fragments in a finite-element model
is defined by the detachment of its elements, resulting in
a defect. Therefore, the injuries shown in the calculation
model should be interpreted as follows:

- Nondisplaced fractures with the removal of a few
elements or an ordered series of elements (nondisplaced
fractures).

- Displaced fractures/slip fractures/bone fractures
(compound fractures) with disordered removal of multiple
elements.

In general, the characteristics of injuries to the lower limb
bones based on numerical modeling on the finite-element
model coincided by 90% with that of injuries based on
the field experiment.

CONCLUSIONS

Our analysis of available scientific data describing
the physical and mechanical properties of biological

DAl https://doiorg/10.17816/brmmaé29470

materials and behavior of human lower limb tissues
under shock-wave (explosive) impact allowed us to
create an original finite-element model of the human
lower limb with tuned interaction of its main constituent
anatomical structures (skin, muscles, tendons, ligaments,
and bone).

The proposed program for calculations and output of
the main results, in which an algorithm for processing
of the obtained graphical data in image format was
implemented to obtain tolerance curves, allowed for
a series of numerical tests simulating contact explosion
of the developed lower limb model through the protective
structure. The results of the calculations vyielded
the tolerance curves of pressures and accelerations.
In addition, animations were created to illustrate
the behavior of the anatomical structures of the lower
limb under impact. The pressure field propagation within
these structures was also visualized.

Virtual testing may be employed in the future to
address applied issues. It can be used not only to assess
the effectiveness of various design solutions for lower
limb protection devices but also to investigate scientific
problems related to forensic medical examination and
military field surgery. This includes the study of features
of blast trauma.

Therefore, the mathematical modeling of the destruction
of biomaterials from explosive and shock impact will
contribute to a reduction in the time and costs associated
with the production of new samples of protective products
developed for national defense.
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