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Recently, reactive materials have been developed for penetrative projectiles to improve impact resistance
and energy capacity. However, the design of a reactive material structure, involving shape and size, is
challenging because of difficulties such as high non-linearity of impact resistance, manufacturing limi-
tations of reactive materials and high expenses of penetration experiments. In this study, a design
optimization methodology for the reactive material structure is developed based on the finite element
analysis. A finite element model for penetration analysis is introduced to save the expenses of the ex-
periments. Impact resistance is assessed through the analysis, and result is calibrated by comparing with
experimental results. Based on the model, topology optimization is introduced to determine shape of the
structure. The design variables and constraints of the optimization are proposed considering the
manufacturing limitations, and the optimal shape that can be manufactured by cold spraying is deter-
mined. Based on the optimal shape, size optimization is introduced to determine the geometric di-
mensions of the structure. As a result, optimal design of the reactive material structure and steel case of
the penetrative projectile, which maximizes the impact resistance, is determined. Using the design
process proposed in this study, reactive material structures can be designed considering not only me-
chanical performances but also manufacturing limitations, with reasonable time and cost.
© 2021 China Ordnance Society. Publishing services by Elsevier B.V. on behalf of KeAi Communications

Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction

A penetrative projectile is designed to penetrate concrete
structures and get activated inside the structure. Its key perfor-
mance requirements needed to accomplish the purpose are impact
resistance and explosive power. The impact resistance should be
sufficient for penetration. As the projectile impacts the concrete
structure, a large amount of kinetic energy is propagated to the
projectile's materials as a shock wave. This shock wave is trans-
ferred to the energetic material inside the projectile, which in-
creases the pressure of this material. If the pressure reaches the
material's threshold pressure, then the projectile is ignited [1]. This
causes activation of the projectile earlier than intended. Therefore,
it is important to improve the impact resistance by lowering the
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pressure of the energetic material. The second performance
requirement, explosive power, is the amount of energy delivered to
the exterior of the projectile when it is activated. A higher explosive
power results in improved effectiveness of the projectile.

However, it is challenging to improve both performances
because there is a trade-off between them. A conventional pro-
jectile carries energetic material inside a tube-shaped steel case, as
depicted in Fig. 1. The steel case mainly contributes to the impact
resistance and penetration depth, whereas the energetic material
contributes to the explosive power. The energy propagated to the
energetic material decreases as the thickness of the case increases,
resulting in improvements in the impact resistance and penetration
depth [2]. However, the explosive power decreases as the thickness
increases; the increase in the volume of the case causes the amount
of energetic material to decrease, thereby reducing the explosive
energy. Additionally, a larger amount of explosive energy is
consumed by the destruction of the thicker case, and hence, lesser
energy is delivered to the outside of the projectile.
of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-
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Fig. 1. Construction of conventional penetrative projectile.
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To overcome this limitation, a new class of materials called
reactive materials has been developed recently. Reactive materials
are made of metallic compounds, exhibiting both high mechanical
strength and high chemical energy [3]. Therefore, with regard to
penetrative projectiles, the reactivematerial structure (RMS) can be
utilized as a structural material as well as an energetic material. By
contributing to both the impact resistance and explosive power of
the projectile, an RMS can significantly improve the performance of
a projectile in comparison with that of conventional ones without
RMS [4]. RMSs are composed of intermetallic compounds, such as
aluminum, nickel, magnesium, and zirconium.

However, owing to their high reactivities, it is difficult to
manufacture reactive materials by conventional methods for pro-
cessing alloys, which involve high temperature. Thus, alternative
methods involving low temperature, such as cold gas dynamic
spray (generally called cold spray), are used to process reactive
materials [5e7]. Cold spray is suitable for the reactive material
because it involves lower temperatures [8]. In the cold gas dynamic
spray process, metallic powders, whichmake up the composition of
the reactive material, are sprayed through a nozzle using a high
velocity gas. As the sprayed particles impact the substratewith high
velocity, they are bonded to the substrate and form an alloy [9,10].
Cold spray is employed in various applications, such as coating,
repairing, and additive manufacturing [11,12]. Recently, cold spray
has been widely used because of its advantages. Products with
higher strength can bemanufacturedwith lesser time and cost than
that involved in other additive manufacturing processes. However,
there are a few disadvantages of additive manufacturing by cold
spraying. First, it is challenging to deposit powders in a narrow
space because of the size of the spray nozzle. Because the RMS is
located inside the steel case of the projectile, which has limited
space, it is difficult to deposit the RMS directly in the case. Second,
because the powders are sprayed, the geometry of the manufac-
tured product exhibits high roughness and some unintended ge-
ometry. For example, when a cubical product is processed, the
product has a trapezoidal cross-section rather than a rectangular
one owing to particles sprayed to the product's side [13]. Therefore,
it is challenging to fabricate structures with complex shapes.
Typically, products undergo a machining or finishing process after
the cold spray process [14]. Therefore, it is difficult to derive
structural design of the RMS which satisfies manufacturing limi-
tations of the cold spray.

In summary, because the RMSs are new components introduced
in projectiles, design knowledge and experience of RMSs are un-
available. The determination of the shape and size of RMSs that
maximize the performances of projectiles is necessary but chal-
lenging. Because penetration experiments of projectiles are time-
consuming and extremely expensive, RMS design through repeti-
tive experiments involves a lot of time, cost and inefficiency.
Moreover, the producible shapes of RMS are limited owing to the
characteristics of cold spray, such as deposition direction and
2

minimum thickness. These limitations hinder the determination of
the shape and size of candidate designs.

In this study, design optimization of an RMS is performed for
application to a penetrative projectile. First, a computational
experiment of the penetration is performed to save time and cost of
performance evaluation. Finite element models of the projectile
and target are constructed, and the impact resistance of the pro-
jectile during penetration is assessed. The result of the finite
element analysis is calibrated through comparison with a test
result. Using the model, the shape of the RMS is determined
through topology optimization. The performance requirement of
the projectile and producible shape of the RMS are considered
while formulating the topology optimization. Based on the optimal
shape, detailed sizes of the RMS and steel case, including thickness
and radius, are determined through size optimization, and hence,
the optimal design of the RMS is achieved.

2. Review of literatures

Various researches have been studied on the reactive materials.
However, although reactive materials have been developed for
application to munitions, previous studies have mainly focused on
the mechanical and chemical behavior of the materials. A few re-
searchers have investigated the behavior of reactive materials as a
component of projectiles. However, design of the reactive material
structure has not been addressed. Lu et al. [15] addressed the
behavior of reactive materials as projectiles, which impacts ex-
plosives. Xu el al [16]. Investigated the damage to an aluminum
plate target hit by a reactive material projectile. Kotei [17] exam-
ined the various mechanical behaviors of reactive materials. He
tested the strength, sound speed, and fragmentation of reactive
materials under the conditions encountered when they were
applied to projectile casing. Although these studies considered
projectile application, they mainly focused on the behavior of the
projectile or target.

On the other hand, some researches address design problem of
projectile. Graves et al. [18] designed the internal structure of a
projectile case using topology optimization. However, the case was
made of additively manufactured steel rather than reactive mate-
rial. Although he adopted finite element analysis in the design
procedure to save time and cost, a few limitations remain in the
context of design optimization. The projectile was analyzed in
linear static scheme rather than a non-linear dynamic one to save
cost of the analyses. Furthermore, the topology optimization was
performed by using a two-dimensional model rather than a three-
dimensional model. However, because of these simplifications, it is
difficult to accurately capture behavior of the projectile, and
achievable design can be limited. Similarly, Provchy et al. [19] and
Patel et al. [20] have performed topology optimization of inner
structure of penetrative projectiles. However, both researches also
simplified the analyses with two-dimensional static models.
Therefore, they are difficult to capture behavior of the projectile in
space. Additionally, only two-dimensional structures, which has
lower degree of freedom in design, can be derived through the
topology optimization. Meanwhile, some researchers have
addressed external shape of the projectiles to improve aero-
dynamic performances. Liang et al. [21] have optimized canard
profile of the projectile. Zhao et al. [22] have optimized geometry of
tubular projectile to improve drag force characteristics. Kim [23]
has optimized outer geometry of the projectile to improve range.
Contrary to this paper, these researches are focused on the aero-
dynamic performances. Aerodynamic performances are assessed
through computational fluid dynamics (CFD), and size optimization
is considered rather than topology optimization.

In summary, studies on the reactive material are focused on



Fig. 3. Target of the penetration test.

Fig. 4. Finite element model of projectile and target.
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their mechanical and chemical behavior rather than design appli-
cation problem. Therefore, design problem of the RMS has not been
addressed yet. On the other hand, some researchers addressed to-
pology optimization problem of projectile structure. However,
material of the structure is limited to steel rather than the RMS, and
penetration analysis and optimization are performed with two-
dimensional simplification. The researches address aerodynamic
performances are based on the CFD rather than penetration anal-
ysis, and only geometric parameters are considered during opti-
mization. Therefore, a new research addresses topology
optimization of the RMS based on three-dimensional penetration
analysis is required.

3. Design optimization methods and results

3.1. Finite element analysis of penetration test

It is necessary to assess the projectile performance with respect
to the variation in the RMS design, to perform design optimization
of the RMS formaximizing the projectile's performance. The impact
resistance of the projectile can be evaluated through a penetration
test. However, a penetration test incurs high costs and is time-
consuming. This limits the application of the test in design opti-
mization, which requires dozens or hundreds of repetitive perfor-
mance evaluations. Moreover, the impact resistance should be
quantified by the pressure of the energetic material. However, it is
challenging to measure the maximum pressure of the energetic
material through the penetration test.

To resolve these problems, finite element analysis of the pene-
tration test is employed in this study. A finite element model
comprising the projectile and target is constructed based on the
penetration test. The geometry, material properties, and boundary
conditions of the test are implemented in the model. The model is
calibrated with the test result by comparing the residual velocity of
the projectile after penetrating the target. The impact resistance of
the projectile, which is the maximum pressure of the energetic
material, is assessed using the model.

3.1.1. Finite element modeling
The finite element model is constructed in LS-DYNA based on

the penetration test. Fig. 2 illustrates the projectile used in the test
and its schematic. Considering confidentiality, the dimensions in
the illustration are normalized and the units have been omitted. In
the test, the projectile is launched by an air gun, and then pene-
trates a concrete target. Initial and residual velocity of the projectile
are measured before and after penetration, respectively. The ve-
locity is measured by using high speed camera. Fig. 3 depicts the
target in the test setup. The finite elements are generated as
depicted in Fig. 4 based on the dimensions of the projectile and
target. Solid elements are used for both the projectile and target
models. Hexahedron elements with 8 nodes are used in the target.
Whereas in the projectile, pentahedron elements with 6 nodes are
Fig. 2. Projectile used in the test and its dimensions.
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used with the hexahedron elements.
Material properties are assigned to the elements according to

the materials used in the test. The target is made of reinforced
concrete. There are a number of material models for concrete, such
as continuous surface cap model (CSCM) [24,25],
JohnsoneHolmquist damage model [26], and Karagozian & Case
concrete model [27,28]. CSCM is employed in this study because it
is developed for high dynamic loadings [29], and this study ad-
dresses similar loads. In LS-DYNA, CSCM is implemented as mate-
rial model 159. Density and unconfined compression strength
parameters are assigned to the model, as listed in Table 1. Addi-
tionally, the element erosion option is assigned to the concrete
elements to express failure during impact. The erosion criterion is
defined by the maximum principal strain, which is the MXEPS
variable of MAT_ADD_EROSION in LS-DYNA. The maximum prin-
cipal strain is determined by calibration, as described in Section
3.1.2.

The projectile comprises a steel case, an energetic material, and
an RMS. The simplified JohnsoneCook model is employed in the
steel case to consider the strain rate effect that occurs during
impact. Johnson-Cook model [30] is suitable for metallic materials
whose strain rates vary over a wide range [31], and hence, is suit-
able for application here because the steel case exhibits wide var-
iations in the strain rate because of high velocity impact. The model
employed in this study is a simplified variant of the generic



Table 1
Parameters assigned in the finite element model.

Material Material model Parameter Assigned value Unit

Concrete CSCM Density 2390 kg$m�3

Unconfined compression strength 46.91 MPa
Steel (case) Simplified JohnsoneCook Density 7850 kg$m�3

Young's modulus 206.9 GPa
Poisson's ratio 0.3 e

A 1200 MPa
B 808 MPa
C 0.031 e

n 0.4543 e

Energetic material Null Density 1775 kg$m�3

Young's modulus 3780 MPa
Poisson's ratio 0.3 e

Gruneisen EOS C 2.105 km$s�1

S1 2.144 e

g0 0.9902 e

Reactive material Piecewise linear plasticity Density 3460 kg$m�3

Young's modulus 161.5 GPa
Poisson's ratio 0.3 e
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JohnsoneCook model, wherein the thermal effect and damage are
omitted [32]. The simplified model is 50% faster than the generic
one [33], thereby saving computational time and cost. Because our
focus is on the behavior of the energetic material rather than on the
steel case, the simplified model is employed for computational ef-
ficiency. It is implemented as material model 98 in LS-DYNA, and
the flow stress in the model can be expressed as follows:

sy ¼ðAþBεp
nÞð1þC ln_ε*Þ (1)

where ε
p and _

ε
* are the effective plastic strain and normalized

effective strain rate, respectively. A, B, C, and n are model constants.
The material properties and constants assigned to the model are
listed in Table 1.

The energetic material is modeled using an equation of state
(EOS) to capture pressure of the material that is formed by the
shock wave. The Gruneisen EOS, which is widely used for shock-
compressed solids, is employed [34,35]. It is implemented as EOS
form 4 in LS-DYNA, and calculates the pressure of the compressed
and expanded materials by the following equation [32]:

pcompressed ¼
r0C

2m
h
1þ

�
1� g0

=2
�
m� a =2m2

i
�
1� ðS1 � 1Þm� S2m2

�
mþ 1� S3m3

.
ðmþ 1Þ2

�2

þ ðg0 þ amÞE
(2)

pexpanded¼ r0C
2mþ ðg0 þ amÞE

where m¼ r

r0
� 1

where C is the bulk speed of sound, r0 is the initial density, r is the
current density, and g0 is Gruneisen gamma. S1, S2, and S3 are co-
efficients expressing dvs=dvp, i.e., the slope of the cubic shock-
velocity vs. particle-velocity curve. a is the first-order volume
correction coefficient. Density, Young's modulus, and Poisson's ra-
tio are assigned using the null material model (material model 9).
The assigned values of the material properties and constants are
listed in Table 1.

Development of reactive materials is still at an early stage, and
finite element analysis of reactive materials has not been studied
4

yet. It is challenging to select a suitable model for a reactive ma-
terial from among the material models developed. In this study, a
piecewise linear material model with strain rate effect is employed
to model a reactive material without assumption. The model can
express plastic behavior based on experimental data, and tabular
data of stressestrain curve can be defined for various strain rates.
Therefore, the model is suitable in our study, where prior knowl-
edge of the material is insufficient and the strain rate varies over a
wide range. The model is implemented as material model 24 in LS-
DYNA. The stressestrain data of the reactivematerial Ni63Al32Cu5 is
assigned to the model [36]. Stressestrain curves for plastic defor-
mation are assigned for six strain rates from 1� 10�3s�1 to 5�
103s�1, based on the data. Other material properties such as den-
sity, Young's modulus, and Poisson's ratio are listed in Table 1.

Next, a boundary condition is imposed on each component. For
the concrete target, the constraint is imposed on the four sides that
are parallel to the projectile's direction. Displacements of all the
nodes on the sides are constrained in six degrees of freedom. For
the projectile, initial velocity is assigned as with the test. A velocity
of 244 m/s is imposed on the projectile's components, namely, the
steel case, energetic material, and RMS. Additionally, an eroding
surface-to-surface contact is imposed between the target and steel
case to make the projectile impact the target. The concrete target is
assigned to the master contact segment, and the steel case is
assigned to the slave contact segment.
3.1.2. Results and calibration
The finite element model is analyzed using massively parallel

processing (MPP) in LS-DYNA. Two Intel Xeon E5-2697 v3 pro-
cessors and two Intel Xeon E5-2695 v4 processors are used in the
analysis. In total, 64 cores are employed. In the calibration pro-
cedure, the model is analyzed for 0.003s to make the projectile
penetrate the target thoroughly. The maximum principal strain for
element erosion of the concrete target is calibrated by comparing
the projectile's residual velocities of the test and analysis. The re-
sidual velocity is the velocity of the projectile after penetration.
Before penetration, the projectile possesses its initial velocity and
corresponding kinetic energy. A part of the kinetic energy is used to
damage the target and projectile itself during the penetration
process. After penetration, the remaining energy remains in the
projectile as kinetic energy, which is proportional to the residual
velocity. Therefore, the amount of energy used for the penetration
can be calibrated using the residual velocity. Moreover, because the
residual velocity can be easily measured in the test, it is the most
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suitable measure of the model calibration available. In the test, the
initial velocity of the projectile is 244 m/s, and residual velocity is
217 m/s. The maximum principal strain is increased from the initial
value, 0.14, and the change in the residual velocity is observed.
Table 2 presents the maximum principal strain values and the
corresponding residual velocities. As the maximum principal strain
increases, elements of the concrete target erode at higher principal
strain. Therefore, more kinetic energy of the projectile is consumed
to deform the elements of the target, resulting in a decrease in the
residual velocity. In accordance with the result, the maximum
principal strain for element erosion is calibrated to 0.22, with least
error in the residual velocity.

The impact resistance of the base projectile model, which is
modeled without RMS, is assessed using the calibrated parameter.
Fig. 5 depicts the penetrated concrete targets of the test and anal-
ysis. The holes caused by the penetration exhibit similar size and
shape. In the test, some of the concrete surrounding the hole is
spalled from the rear side of the target. In the analysis, this spalling
is not observed from the rear. However, it can be observed in a
cross-sectional view. The vertical spalling diameters of the test and
analysis are also similar. However, radial cracks in the target are
observed in the test, whereas they are not apparent in the analysis.
The cracks can be captured by improving the analysis model, such
as by reducing the mesh size and applying a nonlocal model [37].
However, such improvements cause an increase in the computa-
tional resource requirement. Moreover, they capture the behavior
of the target rather than that of the projectile, whereas our focus is
on the impact resistance of the projectile. Therefore, further im-
provements in the concrete model are not considered in this study.

Fig. 6 illustrates the pressure distribution of the energetic ma-
terial in the projectile. It is verified that a shock wave occurs as the
projectile impacts the target, and the shock wave propagates back
and forth in the projectile. A projectile with the initial design,
which does not incorporate RMS, is assessed to serve as a reference
for impact resistance. The maximum pressure of the energetic
material, which is ameasure of the impact resistance, is 8.69 kbar in
the initial design. Additionally, analysis time of the model is
reduced to decrease the computational resource requirement for
design optimization. During the calibration, the analysis is per-
formed until the projectile penetrates the target thoroughly, to
measure the residual velocity. On the other hand, in design opti-
mization, performance which will be assessed is the maximum
pressure. Therefore, the analysis time is limited to the period
wherein the maximum pressure occurs, thereby reducing the
analysis time from 0.003 s to 0.0005 s. As a result, approximately
10 min of computational time is consumed for an analysis.

3.2. Topology optimization

There are challenges in the determination of the RMS shape for a
penetrative projectile. Because the design of the RMS has not been
studied, prior design knowledge or experience of the RMS for
penetrative projectiles are unavailable. Therefore, it is challenging
to determine the effective shape of the RMS for improving the
projectile's impact resistance. Moreover, the producible shapes of
Table 2
Maximum principal strain and residual velocity.

Maximum principal strain Residual velocity (m$s�1) Relative error (%)

0.14 220.90 1.80
0.18 219.92 1.35
0.21 218.52 0.70
0.22 217.95 0.44
0.23 215.92 0.50
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the RMS are limited because of its manufacturing method, i.e., cold
gas dynamic spray, thereby hindering the development of candi-
date designs in the design process.

In this study, to resolve these challenges, a topology optimiza-
tion is employed to determine the RMS shape. Topology optimi-
zation is one of the most effective design methods for determining
the initial shape of a structure without prior knowledge, experi-
ence, or design. Therefore, it is suitable for the RMS, where no prior
design experience exists. Manufacturing constraints of the RMS are
collected and considered in the topology optimization formulation
such as design variables and constraints of the optimization. To-
pology optimization is performed based on analysis results of the
finite element analysis presented in Section 3.1. The optimal shape
of the RMS, which maximizes the impact resistance of the projec-
tile, is derived within the design space inside the steel case.

The design space for the RMS is depicted in Fig. 7. With the
introduction of the RMS, the projectile comprises the steel case,
RMS, and energetic material. The RMS is designed in the free space
inside the steel case, and the energetic material is filled in the
remaining free space. The shape is assumed to be constant along
the axial direction of the projectile, and the shape of the cross-
section is determined. Without the RMS, the steel case is the only
structural component of the projectile. However, when the RMS is
introduced, the RMS also functions as a structural component.
Therefore, the thickness of the steel case should be decreased when
the RMS is introduced. The thickness of the steel case in Fig. 7 is less
that of the projectile without the RMS (which is depicted in Fig. 2)
by 37.5%. After topology optimization, the specific value of the case
thickness is determined through the size optimization process
described in Section 3.3.

3.2.1. Manufacturing constraints of RMS
As aforementioned in introduction, reactive materials are

manufactured by cold spray process because of their high reactivity.
Shapes of the RMS, which can be manufactured by the cold spray,
are limited compared to the conventional manufacturing processes.
According to the limitations presented in introduction, the pro-
ducible shapes of RMSs are constrained as follows:

e All the parts of the RMS should be connected to each other.
e The RMS should be in contact with the steel case.
e The shape should consist of a tube and plate.

Because the RMS cannot be deposited directly inside the steel
case, the RMS must be processed independently outside the case,
and then fitted inside the case. Otherwise, the RMS cannot be
constrained in the case because the energetic material is not a solid
structure and does not have enoughmechanical strength necessary
for constraint of the RMS. The first and second manufacturing
constraints are geometrical interpretations of the installation lim-
itation. If the two conditions are satisfied, the RMS can be fitted
inside the steel case. In the third constraint, the shapes of the RMS
are limited to simple ones, considering the challenges in processing
complex shapes. Moreover, unlike for other alloys, it is challenging
to machine a reactive material because of its reactivity. Therefore,
the shape of the RMS is limited to the simplest ones, such as those
consisting of a tube and plate, which are easy to be deposited.

Fig. 8 depicts cross-sections of candidate shapes of the RMS. The
gray, green, and red sections represent the steel case, RMS, and
energetic material, respectively. In the figure, (a) and (b) represent
shapes which can be manufactured, whereas (c) and (d) represent
shapes which cannot be manufactured. The shapes illustrated in (a)
and (b) satisfy the manufacturing constraints. They consist of a tube
and plate and can be fitted inside the case. Meanwhile, the shapes
depicted in (c) and (d) do not satisfy the constraints. For example,



Fig. 5. Damage of targets of the test (left) and analysis (right).

Fig. 6. Pressure distribution of energetic material.

Fig. 7. Design space for topology optimization.
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(c) consists of plates, and all the parts of the RMS are connected to a
piece. However, because they are not in contact with the case, they
cannot be constrained by it. Similarly, (d) consists of plates that are
in contact with the case. However, it cannot be constrained because
the RMS is disconnected. The three manufacturing constraints
described above are considered in the topology optimization
formulation to derive the producible shapes.
3.2.2. Optimization method and definition of design variables
A typical topology optimization problem is formulated as fol-

lows [38]:

min
r

FðuðrÞ; r Þ (3)
6

s:t: G0ðrÞ ¼
ð
U

rdV � V0 � 0

GjðuðrÞ; r Þ � 0 for j ¼ 1;…;m

r represents the material density of each element in the design
domain. The density is a continuous variable between zero and
one; zero indicates the absence of the material, and one indicates
its presence. The shape of the structure can be expressed by the
distribution of the material density, and the topology of the
structure is determined by the optimal density. F and Gj represent
the objective function and constraints of the optimization,
respectively. G0 is the volume fraction constraint, which limits the
maximum volume of the optimal structure. The typical methods
addressing a linear static structure solve the problem by using
gradient information of the objective function and constraints, and
sensitivity analysis is necessary to derive the gradient information.

However, it is challenging to employ conventional topology
optimization methods, such as solid isotropic material with
penalization method [39] and level set method [40], for the to-
pology optimization of the RMS. First, the design space where the
RMS is not distributed should be filled with the energetic material,
i.e., the design space should be completely filled with the RMS and
energetic material. However, in conventional methods, a design
space with zero material density remains a void. Second, sensitivity
analysis of the objective function and constraint cannot be per-
formed. Because the finite element analysis described in Section 3.1
is a non-linear dynamic analysis, which involves time-dependent
explicit calculation, it is difficult to take derivatives of the perfor-
mance functions. Therefore, the topology optimization of a non-
linear dynamic structure employs alternative methods, such as
equivalent static load method [41] or discrete optimization algo-
rithms. The equivalent static loadmethod imposes a static load on a
structure, which is equivalent to a dynamic load. However, it is not
suitable in our study, where the maximum peak pressure of the
energetic material needs to be assessed. It is infeasible to assess the
maximum pressure by using static analysis.

Meanwhile, methods employing discrete optimization algo-
rithms define the presence of each element by using discrete var-
iables that are expressed by zero or one. The discrete variable can
represent an element as well as a substructure with specific shape,
such as a truss and plate. Kawamura et al. employed the genetic
algorithm (GA) [42] in truss topology optimization [43]. Luh et al.
employed the particle swarm optimization (PSO) algorithm [44] by
using discrete variables representing the presence of elements [45].
Fang et al. employed the artificial bee colony (ABC) algorithm [46]
in the topology optimization of multicell tubes [47]. These methods
can be employed in our study. First, because the design variable is



Fig. 8. Example shapes of manufacturing constraint.
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binary, it is convenient to modify the algorithm to fill the void
design space with the energetic material, e.g., applying one and
zero for the reactive material and energetic material, respectively.
Second, because the methods do not require sensitivity informa-
tion, they can incorporate non-linear dynamic analysis. Therefore,
in this study, a discrete optimization algorithm is employed in the
topology optimization. The ABC algorithm is employed because it
exhibits better performance in comparison with GA or PSO [47,48].

In accordance with the optimization method, the discrete
design variable for the topology optimization is defined. Because
the producible shapes of the RMS are limited, i.e., to tube and plate,
the design variable is defined to represent candidate shapes of the
structure rather than an element. Fig. 9 illustrates the candidate
shapes represented by the variables. Fig. 9 depicts a quarter of the
cross-section of the projectile's finite element model. The gray
section represents the steel case; the white section represents the
design space, which would be filled with the RMS and energetic
material; and the green lines represent the shape of the candidate
structures. The mesh is constructed with four-fold rotational
symmetry, and the other three-quarters are identical to those in
Fig. 9.

According to the third manufacturing constraint, tube- and
plate-shaped candidate structures are defined using finite ele-
ments. Fig. 9 (a) depicts tube structures with various radii. Ten
candidate tube structures are defined. The number of tube struc-
tures is limited to one or two considering the volume of the
7

energetic material. If three or more tube structures exist, the vol-
ume for the energetic material will be insufficient. This results in
violation of the volume constraint, which is described in Section
3.2.3. Ten candidate tube structures are assigned to the design
variables r1 � r10. Fig. 9 (b) depicts the plate structures that are
located inside the inner tube structure, to which the design vari-
ables r11 � r12 are assigned. Two structures are defined according
to the shape of the mesh. Fig. 9 (c) depicts the plate structures that
are located between the inner and outer tube structures, to which
the variables r13 � r27 are assigned. Finally, Fig. 9 (d) depicts the
plate structures that are located outside the outer tube structure, to
which the variables r28 � r44 are assigned. Thus, 44 design vari-
ables that configure the design of the RMS are defined. All the
design variables are binary, which are expressed as zero or one.
Zero and one represent absence and presence, respectively, of the
candidate RMS.

Fig. 10 illustrates examples of the RMS design configured using
the defined design variables. The green and red elements represent
the RMS and energetic material, respectively. Among the 44 design
variables, r5; r8; r11; r20; r30; and r42 are defined as one. The other
38 variables are defined as zero. Shapes of individual candidate
structures are expressed on the left side in Fig. 10. A candidate RMS
design is configured by combining the shapes, as depicted on the
right side in Fig. 10. According to the definitions of the variables, the
plate structures are bounded by the tube structures. For example,
the plate structure defined by r11 spans across the radial direction.



Fig. 9. Definition of design variables for topology optimization.

Fig. 10. Example shapes of the RMS that define the variables.
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However, in the RMS design, the structure is bounded within the
tube structure, which is defined by r5. This is because r11 is defined
as being located inside the inner tube structure. Similarly, the plate
structures defined by r20; r30; and r42 are bounded by the tube
structure according to their definitions.

The candidate RMS designs configured by the design variables
are applied to the finite element model to assess the performance
of the design. Modification of the finite element model is per-
formed by assigning the material models to the finite elements of
the design space. The reactive material model is assigned to the
finite elements that are defined as the RMS. Similarly, the energetic
material model is assigned to the remaining elements of the design
space.

3.2.3. Optimization formulation
The topology optimization is formulated as the following

equation:

min
r

PmaxðrÞ (4)

s:t: VLB
EM � VEMðrÞ � 0

X10
i¼1

ri � 2 � 0

1� r10 �
X44
i¼28

ri � 0

nRMS � 1 ¼ 0

where ri2½0;1�; i ¼ 1;…;44

r represents the 44 design variables defined above, which are bi-
nary variables expressed as zero or one. The objective function is
configured to maximize the impact resistance of the projectile, i.e.,
to minimize the maximum pressure of the energetic material. Pmax

assessed by finite element analysis represents the maximum peak
pressure of the energetic material during penetration. The first
constraint limits the minimum volume of the energetic material.
VLB
EM represents the volume of the energetic material of the base

projectile model, which is designed without the RMS. Because the
explosive power of the projectile is proportional to the volume, the
volume is formulated and assessed in the optimization. The RMS
and energetic material are enclosed in design space as shown in
Fig. 7. The volume is assessed by multiplying longitudinal length of
the design space to area of energetic material on cross-section. The
second constraint represents the limitation in the maximum
number of tube structures. As mentioned above, the maximum
number is limited to two because three or more tube structures
result in the violation of the first constraint. The third constraint
represents the manufacturing constraint, i.e., the contact between
the RMS and steel case. As mentioned in Section 3.2.1, the RMS
should be in contact with the steel case in which it is installed. The
structures defined by r10 and r28 � r44 are located at the outermost
portion of the design space, and are in contact with the steel case.
Therefore, the third constraint is defined to ensure that at least one
of these structures is present in the design. The last constraint also
represents the manufacturing constraint, connectivity of the RMS.
All the parts of the RMS should be connected together as one to be
fitted inside the steel case. Therefore, the number of disconnected
RMS, nRMS, is assessed and limited to one.

3.2.4. Results
The topology optimization of the RMS is performed based on the

optimization method, design variables, and formulation. The ABC
9

algorithm presented by Fang et al. [46] is implemented in MATLAB.
The variation in the design variables is implemented in the finite
element model by modifying the LS-DYNA keyword file from
MATLAB. The RMS or energetic material model is assigned to each
element according to the design variables. The maximum pressure
of the energetic material is assessed by executing LS-DYNA from
MATLAB. The result is extracted by executing the LS-PrePost script.
The population size and maximum number of generations are
configured as 5 and 24, respectively.

The topology optimization result is depicted on the left side in
Fig. 11. Among the 44 design variables, 6 (r4; r8; r11; r13; r28; and
r36) converge to 1. The remaining design variables converge to zero.
The optimization history is depicted in Fig. 12. The best design is
obtained at the sixth generation. The objective function and con-
straints of the optimal topology are presented in Table 3. The
objective function (the maximum pressure of the energetic mate-
rial) is 3.12 kbar, which is lesser than that of the basemodel without
RMS by 64%. The optimal topology satisfies all the constraints of the
formulation. The volume of the energetic material satisfies its lower
boundary. Furthermore, all the geometric constraints, which are
related to the manufacturing constraints, are satisfied. According to
the definition of the design variables, the optimal RMS consists of
producible shapes, i.e., tube- and plate-shaped structures. The
other manufacturing constraints of the RMS are also satisfied. As
depicted in Fig. 11, all the parts of the RMS are inter-connected, and
the RMS is in contact with the steel case. Therefore, the optimal
RMS can be fitted inside the steel case, and all the manufacturing
constraints configured in Section 3.2.1 are satisfied.

However, because of the shape of the finite elements, the plate
structures of the optimal shape do not exhibit a perfect plate shape.
Therefore, the optimal RMS shape derived from the topology
optimization is smoothed, as depicted on the right side of Fig. 11. A
few plate structures with trapezoidal cross-sections are smoothed
such that they exhibit a square cross-section. The impact resistance
and energetic material volume are assessed using the smoothed
shape, and the results are presented in Table 3. The maximum
pressure of the energetic material is increased from 3.12 kbar to
3.46 kbar. However, it is 60% lower than that of the base model. The
volume of the energetic material satisfies the constraint, and in-
creases as a few trapezoidal elements are modified to become
square elements. As a result, the shape of the RMS that maximizes
the impact resistance and satisfies the manufacturing constraints is
determined.

3.3. Size optimization

In Section 3.2, the optimal shape of the RMS determined
through topology optimization, and the smoothed shape is
assessed. Both the shapes exhibit substantial improvement in
impact resistance, while satisfying the manufacturing constraints
of the RMS. However, the dimensions of the RMS, such as thickness
and radius, are not addressed in the topology optimization. Addi-
tionally, in topology optimization, the thickness of the steel case is
reduced arbitrarily in comparison with the base model, to achieve
design space for the RMS. Therefore, in this section, the dimensions
of the RMS and steel case are optimized through size optimization.
As well as the maximum pressure of the energetic material,
tangential stress of the steel case is assessed to achieve structural
safety of the steel case. First, the optimization formulation is
configured by defining the geometric design variables, objective
function, and constraints. Second, a kriging model, a mathematical
surrogate model, is introduced for efficient size optimization, and
the models are constructed for the projectile performances. Finally,
size optimization is performed based on the kriging models to
determine the final design of the projectile.



Fig. 11. Cross-section of optimal and smoothed shape of RMS.

Fig. 12. History of the topology optimization.
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3.3.1. Optimization formulation
The design variables for the size optimization are configured as

depicted in Fig. 13. Dimensions, such as radius and thickness, of the
smoothed shape are selected as the design variables. The inner
radius of the steel case is also selected as a variable. As mentioned
in Section 3.2, the thickness of the steel case is arbitrarily reduced
Table 3
Performances of the optimal and smoothed shapes.

Function Formulation Base

Objective function PmaxðrÞ Minimize 8.69
Constraint VEMðrÞ � 2.437e6 2.437

P10
i¼1

ri
� 2 e

r10 þ
P44
i¼28

ri
� 1 e

nRMS ¼ 1 e
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from that of the base model, i.e., by 37.5%, to achieve design space
for the RMS. Therefore, a quantitative assessment of the thickness,
which is a function of the inner radius, should be conducted as part
of the size optimization process. Therefore, nine design variables,
which are continuous variables, are selected for the size optimi-
zation. Their boundaries are presented in Table 4. As mentioned
above, the values in the table are normalized, and the units are
omitted considering confidentiality. Nevertheless, they are consis-
tent with the dimensions denoted in Figs. 2 and 7.

The size optimization is formulated based on the formulation of
the topology optimization. As with the topology optimization, the
most important performance measure to be maximized is the
impact resistance of the projectile, which can be varied by altering
the dimensions of the RMS and steel case. From among the con-
straints of the topology optimization, the volume constraint of the
energetic material, which represents the explosive power, should
be considered in the size optimization as well. This is because the
volume varies according to the variations in the dimensions.
Meanwhile, the second to fourth constraints, which are formulated
for the manufacturing constraints of the RMS, need not be
considered in the size optimization. Because variations in the di-
mensions do not affect the manufacturing constraints, i.e., the
shape of the RMS and the contact between the RMS and steel case.
Therefore, the size optimization is formulated as the following
equation:

min
x

PmaxðxÞ (5)
model Optimal shape Smoothed shape Unit

3.12 3.46 kbar
e6 2.473e6 2.492e6 e

2 2 e

2 2 e

1 1 e



Fig. 13. Design variables of size optimization.

Table 4
Lower boundary, upper boundary, and optimal design of the variables.

Design variable Lower boundary Upper boundary Optimal design

x1 11.40 16.20 15.63
x2 17.40 22.20 17.61
x3 30.60 35.40 30.98
x4 36.60 41.40 37.58
x5 45.00 51.00 48.48
x6 0.99 6.99 4.42
x7 0.99 6.99 1.73
x8 0.99 6.99 2.48
x9 0.99 6.99 5.49
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s:t: VLB
EM � VEMðxÞ � 0

s
case

� sUB
case

� 0

xLBi � xi � xUBi ; i ¼ 1;…;9

x which is bounded by its lower and upper boundaries repre-
sents the vector of nine design variables. As described above, the
maximum pressure and volume of the energetic material are
configured as the objective function and constraint, respectively.
Additionally, scase in the second constraint represents the
maximum tangential stress of the steel case during penetration. It is
constrained to be less than that of the base model, sUBcase, to achieve
structural safety of the steel case considering the variation in the
thickness of the case. Among the tangential, radial, and axial
stresses of the steel case, the axial stress is the largest. However, it
decreases as the thickness of the steel case decreases because of the
decrease in kinetic energy caused by the reduction in projectile
weight. Therefore, it is not a suitable measure for determining the
thickness of the steel case. The radial stress does not exhibit sig-
nificant dependence on the thickness. Meanwhile, the tangential
stress increases as the thickness decreases. This is because the case
is subjected to a radial force from the inside, which is caused by the
pressure of the energetic material. Therefore, the tangential stress
is selected as the measure of structural safety.
11
3.3.2. Kriging surrogate model
The penetration analysis takes dozens of minutes for a single

analysis, and dozens or hundreds of analyses are necessary for the
optimization. Therefore, a lot of computational cost is incurred
when the optimization is performed based on the response from
the analysis. Therefore, in the size optimization, a kriging surrogate
model is employed to save computational cost and improve effi-
ciency. The kriging surrogate models, which predict maximum
pressure and maximum tangential stress, are constructed based on
the finite element analyses. The kriging models are employed to
assess the performances during optimization process. The kriging
surrogate model is a mathematical model that predicts the
response of a black-box function based on given information, i.e.,
sample points [49]. Typically, it is challenging for surrogate models
to predict the response of discrete input variables. Therefore, it is
not considered in the topology optimization, where the variables
are binary. However, it is considered in the size optimizationwhere
the design variables are continuous. The sample points for the
kriging model are determined by optimal Latin-hypercube design
(OLHD) [50] and maximin distance design (MDD) [51]. For nine
design variables, 55 sample points are determined by OLHD and an
additional 249 by MDD, within the design boundary. Therefore, the
penetration analysis is performed for 304 sample points. The var-
iations in the design variables of the sample points are applied to
the finite element model by morphing. The coordinates of the
nodes in the LS-DYNA keyword file are modified according to the
variations in the dimensions. The maximum pressure of the ener-
getic material and maximum tangential stress of the case are
assessed for each sample point.

Kriging surrogate models are constructed for the two perfor-
mances of the projectile, i.e., the maximum pressure of the ener-
getic material and the maximum tangential stress of the case, by
using the sample points. Zeroth-order polynomial and Gaussian
correlation function are employed for the regression model and
correlation model, respectively, of the kriging model. The con-
structed models are validated using the leave-one-out cross-vali-
dationmethod, which does not require additional sample points for
validation [52]. The accuracy of the model is assessed by root-
mean-square error, which is normalized by the difference be-
tween the maximum and minimum responses of the sample
points. As a result, the model of maximum pressure exhibits an
error of 17.58%, and the model of maximum stress exhibits an error
of 16.84%. Because the penetration analysis exhibits high non-
linearity and the performances are the maximum peak values of
the time-series response, it is challenging to reduce the errors in
the kriging models further. Although the models exhibit certain
errors, the trends between the design variables and performances
can be captured through the models.

Fig. 14 depicts the constructed kriging models, and the perfor-
mances are plotted with respect to the design variables x6 and x7.
As provided in Fig. 13, x6 and x7 represent thicknesses of the plate
structures located at inner and middle of the RMS, respectively. In
case of the maximum pressure, both thicknesses have quadratic
relationship with the pressure rather than linear one. Therefore, it
can be inferred that the pressure has nonlinear behavior with
respect to the geometric dimensions. On the other hand, x6 has
little effect on the maximum tangential stress, while x7 has much
more effect. It can be interpreted intuitively that the distance be-
tween each structure and steel case affects the degree of effect.
Because the structure of x6 is located far from the steel case, it must
has little effect on the stress of case. Therefore, it can be confirmed
that the kriging models well express physical relations between
variables and performances.



Fig. 14. Kriging models of the performances.

Table 5
Performances of the optimal design.

Function Formulation Optimal design Unit

Kriging Analysis

Objective function PmaxðxÞ Minimize 2.96 3.81 kbar
Constraint VEMðxÞ � 2.437e6 2.562e6 e

scase � 1.095 0.950 1.063 GPa
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3.3.3. Results
The size optimization of the RMS and steel case is performed

based on the optimization formulation of Eq. (5). Gradient-based
optimization, a sequential quadratic programming algorithm [53]
that is implemented in MATLAB, is employed to solve the problem.
The middle values of the upper and lower boundaries, xLBi þ xUBi = 2,
are supplied as the initial point of the optimization. During the
optimization process, objective function and constraint of
maximum pressure andmaximum tangential stress are assessed by
using the kriging surrogate models, which are constructed in pre-
vious section. The optimization converges after 42 iterations. The
objective function and constraints are evaluated 639 times during
the optimization, whereas 304 evaluations are consumed for con-
structing the kriging model. The optimal values of the design var-
iables are presented in Table 4. The x2 and x3 converge to their
lower boundary, and the remaining variables converge between
their upper and lower boundaries. Shape of the optimal design is
provided in Fig. 15. It can be confirmed that thicknesses of outer
parts of the RMS are increased to relieve the maximum tangential
Fig. 15. Shape of the optimal design.
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stress. Table 5 presents the variation in the performances in the
formulation. The performances, which are assessed by the kriging
models in the optimization, are assessed by the finite element
model for verification. The maximum pressure of the energetic
material decreases from 3.46 kbar to 2.96 kbar in the optimization.
However, with the finite element model, the optimal design yields
3.81 kbar. The difference is caused by the error in the krigingmodel.
As a result, themaximumpressure increases by 10% from that of the
smoothed shape of the topology optimization. The volume of the
energetic material satisfies the constraint. The maximum tangen-
tial stress of the case decreases from 1.236 GPa to 950.4 MPa, and
the constraint is satisfied. With the finite element analysis, the
maximum stress increases to 1.063 GPa. Nonetheless, it still sat-
isfies the constraint. The difference between the kriging model and
the finite element model can be reduced by constructing a more
accurate surrogate model or employing finite element analysis in
the optimization. However, because higher computational cost is
incurred in the reduction, the trade-off between accuracy and
computational cost should be considered. As a result, the optimal
design of the RMS and steel case is derived using size optimization.
Although the maximum pressure is increased, the maximum stress
constraint, which is infeasible in the smoothed shape, becomes
feasible here.
4. Conclusion

In this study, design optimization of an RMS is performed to
maximize the impact resistance of a penetrative projectile, and an
optimal design of the RMS and steel case is derived. The high cost
penetration test is replaced with finite element analysis, to perform
the design optimization. The finite element model is constructed
with appropriate material models of each component of the target
and projectile. To achieve accuracy of the finite element analysis, a
parameter, namely, the maximum principal strain for element
erosion, is calibrated by comparing the residual velocity of the
projectile with the experimental result. As a result, the finite
element model is calibrated with 0.44% error in residual velocity.
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Based on the analysis model, the topology optimization is
introduced to derive shape of the RMS. The limitations in the
manufacture of the RMS are considered to achieve the producible
shape of the RMS. The manufacturing constraints are investigated,
and the design variables and formulation are proposed considering
these constraints. As a result, the optimal shape, which maximizes
the impact resistance, is derived while satisfying the intended
manufacturing constraints. Moreover, the shape is smoothed for
the size optimization. As a result, optimal shape of the RMS, which
reduces the maximum pressure 60% compared to the baseline, is
obtained.

Based on the smoothed design, the dimensions of the RMS, as
well as the steel case, are determined through the size optimiza-
tion. The kriging surrogate model is introduced to save computa-
tional cost, and the kriging models of the projectile performances
are constructed. The kriging models are employed to assess
objective function and constraint of size optimization. Through the
optimization, the optimal design of the RMS and steel case, which
maximizes the impact resistance, as well as the volume of the en-
ergetic material, is determined. The maximum pressure of the en-
ergetic material is decreased by 56% from 8.69 kbar to 3.81 kbar,
and the volume of the energetic material is increased by 5%. The
structural safety of the steel case is maintained by achieving a 3%
reduction in the maximum tangential stress.

On the other hand, as mentioned above, the use of cold spray
(which is employed in manufacturing RMSs) exhibits low resolu-
tion and accuracy in comparison with other manufacturing
methods. Therefore, the product dimensions may be different from
the intended optimal design, and the projectile's performance may
be altered accordingly. Therefore, these uncertainties in the di-
mensions of an RMS should be considered in the future. Further-
more, the application of design methods taking into account
uncertainties (such as reliability-based design optimization and
robust design optimization) should be considered. Additionally,
actual performances of the optimum design is not investigated
through experiment, because the manufacturing techniques of the
RMS immature. Therefore, actual performance of the optimized
structures should be investigated in the future.
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