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Abstract A multi-layer fabric coated aluminum plate is usually used in the hard upper torso of space suit
to protect astronauts from getting hurt by space dust. In this paper, the protective performance of the
multi-layer fabric coated aluminum plate is investigated. To establish its ballistic limit equation, thirteen
hyper velocity impact tests with different impact velocities (maximum velocity is 6.19km/s) and projectile
diameters have been conducted. To provide data for impact velocity higher than 6.2km/s which is hard to
be obtained by tests due to the limitations of test equipment capacity, a material point method (MPM)
model is established for the multi-layer fabric coated aluminum plate and validated/corrected using the test
results. The numerical results obtained using the corrected MPM model for impact velocity higher than
6.2km/s are used together with the test results to develop the ballistic limit equation. The corrected MPM
model and the ballistic limit equation developed for the multi-layer fabric coated aluminum plate provide
an effective tool for the space suit design.

Keywords Hyper velocity impact · Material point method · Multi-layer fabric coated aluminum plate ·
Space suit · Ballistic limit equation

1 Introduction

Due to their excellent impact-resistance, anti-fatigue and energy absorption capacity, fabrics and flexible
composites are frequently used in protective structures to enhance their protective capacity [9]. For example,
the multi-layer fabric coated aluminum plate structure, as shown in Fig.1(a), is used in the hard upper torso
(HUT) of space suit to protect astronauts from getting hurt by space dust, where the multi-layer fabric
consists of a outer-layer fabric, a multi-layer insulation (MLI) layer and a liner layer, as shown in Fig.1(b).
The MLI layer is composed of aluminized films separated by gauzes [32].
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Fig. 1 (a) Multi-layer fabric coated aluminum plate; (b) Multi-layer fabric

The investigation on the protective performance of the multi-layer fabric structures are generally based
on the hyper velocity impact test. William et al. [29] studied the protective performance of different fabrics of
space suit through hyper velocity impact test. Christiansen et al. [5] investigated the protective performance
of different fabrics combined in different forms, and established a ballistic limit equation with different
structural forms. They also verified the fact that protective capacity can be increased by using flexible
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materials and appropriate structural forms, and evaluated the debris risk [5]. Christiansen et al. [4] described
results of impact tests with velocity greater than 10 km/s on Nextel/Kevlar stuffed Whipple and all-
aluminum shields. Liu et al. also carried out hyper velocity impact tests of glass, extravehicular space suit
and satellite electronic box [24]. However, due to the limitations of test equipment capacity, the limit speed of
hyper velocity impact test is generally below 7km/s. With the rapid development of simulation technology,
the numerical simulation has become a good supplement for test with strong repeatability.

The hyper velocity impact simulation is a big challenge to numerical methods because it involves extreme
localized deformation, fragmentation, melting and vaporization. The Lagrangian approach suffers from the
difficulties associated with grid distortion and element entanglement, while the Eulerian approach suffers
from the difficulties associated with tracking material interfaces and modeling history-dependent materials.
By absorbing the basic idea of both the Lagrangian and Eulerian approaches, the material point method
(MPM) [30,31,36] discretize a continuum body into a set of material points (particles) moving through an
Eulerian background grid, as shown in Fig.2. All material properties, such as mass, velocity, stress, strain and
state variables, are carried by the particles so that it is easy to track material interfaces and to implement
history-dependent material constitutive models. The momentum equations are solved on the background
grid, so that there is no grid distortion and element entanglement, which makes the MPM robust in modeling
various types of extreme loading events [36]. In recent years, much effort has been devoted to developing the
MPM for simulating extreme loading events in our group at Tsinghua University. As a result, a 3D explicit
and parallel MPM code, MPM3D, has been developed [28,36], which has implemented various MPM/GIMP
algorithms, FEM and its different coupling scheme with MPM. The MPM3D has been successfully applied in
various extreme loading events, such as hyper velocity impact [35,23,21,7,27,11,25], penetration [12,15,20,17,18,3],
blast [16,26], fluid-structure interactions [19,33].
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Fig. 2 MPM discretization [36]

This paper investigates the protective performance of a multi-layer fabric coated aluminum plate. To
establish its ballistic limit equation, we have conducted thirteen hyper velocity impact tests with different
impact velocities and projectile diameters. However, due to the limitations of the experiment equipment
capacity, the impact velocity in the tests are less than 6.2km/s. To provide data for higher impact velocity,
numerical simulations are carried out using the MPM model with MPM3D. To provide reliable numerical
results, the MPM model used must be validated and corrected using the test results. The ballistic limit
equation is eventually developed based on the test results together with the numerical results.

This paper is organized as follow. Section 2 describes the hyper velocity tests and presents the test
results. Section 3 establishes an equivalent laminated plate model of the MLI layer to avoid discretizing
each single-layer of the MLI which is too thin. Section 4 summarizes the material models and corresponding
material constants used for the multi-layer fabric coated aluminum plate. A MPM model is established in
Section 5 for the hyper velocity impact of the multi-layer fabric coated aluminum plate and validated using
the test results presented in Section 2. A corrected MPM model is proposed based on the comparison of
numerical results and test results, and is used to establish the ballistic limit equation together with the tests
in Section 6. Concluding remarks are given in Section 7.

2 hyper velocity impact tests

The ballistic limit equation is used to determine the critical projectile diameter causing perforation on the
target, which is an essential tool for determining the minimum shielding requirements for spacecraft. When
the projectile diameter is greater than the critical diameter, the projectile will penetrate the specimens.

To obtain the ballistic limit equation for the multi-layer fabric coated aluminum plate and to validate
the MPM model established in this paper, the hyper velocity impact tests have been carried out in the
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China Aerodynamics Research and Development Center using a 7.6mm-caliber two-stage light gas gun. The
velocity is measured by the laser beam shielding method. The pressure inside the target chamber during
test is 50Pa, and the sequence laser shadow camera system is used to take pictures for collision process.

The specimens are 200mm× 200mm squares. The outer-layer fabric, MLI layer and liner layer are sewn
together along all edges, as shown in Fig. 3(a). The sewn multi-layer fabric is spread on the aluminum plate,
and then punched with a metallic frame with an 140mm×140mm square opening in the center at four sides.
The whole test piece is fixed on a bracket inside the target chamber through bolted connection, as shown
in Fig.3(b).

(a) (b)

Fig. 3 (a) The sewn multi-layer fabric; (b) The test piece fixed on the bracket

The critical diameter is difficult to be obtained directly from the test. Therefore, we try to obtain
the minimum projectile diameter penetrating the specimen and the maximum projectile diameter without
penetrating the specimen at the same speed as much as possible in the test. Thus, thirteen tests were
conducted with different project diameter dp and impact speed V , as listed in Table 1. The diameter of the
projectile is from 0.8mm to 1.4mm, while the measured impact speed is from 2.93km/s to 6.19km/s. The
impact angle is 0 degree.

Table 1 The test parameters and results

Test cases dp (mm) V (km/s) Penetrated (Y/N)
01 1.0 3.09 N
02 1.2 2.93 N
03 1.4 3.02 Y
04 1.0 3.98 Y
05 1.2 4.03 Y
06 0.9 3.85 N
07 1.0 4.30 Y
08 0.8 4.47 N
09 0.8 4.91 N
10 1.2 4.99 Y
11 1.0 5.15 Y
12 0.9 6.11 N
13 1.0 6.19 Y

The test results are listed in the rightmost column of Table 1, which indicate whether the aluminum plate
is penetrated. These results are also plotted in Fig.20, which shows that the critical penetration diameter
is monotonically decreasing when the impact velocity is smaller than 4.5km/s. Within this velocity range,
the impact only lead to deformation of the projectile. The damage form of the test specimen is a single
crater or a single shearing aperture, as shown in Fig.4. When the impact velocity is greater than 4.5km/s,
the critical penetration diameter will increase with the increase of impact velocity. Within this velocity
range, the damage form of the test specimen illustrates that the projectile has been already broken after it
penetrates the layers of fabric so that these broken pieces lead to many circular pits on the aluminum plate,
as shown in Fig.5.

More test results will be provided in Section 5 to validate our numerical model.

3 Equivalent laminated plate model of the MLI layer

As shown in Fig.1, the multi-layer fabric coated aluminum plate consists of a outer-layer fabric, a MLI
layer, a liner layer and a aluminum plate. A MLI layer consists of aluminized films separated by gauzes,
as shown in Fig.6. As a meshfree method, the MPM is capable of modeling material and structure with
complex internal structure, such as aluminum foam and honeycomb sandwich [21,22,23]. However, discretizing
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Fig. 4 The damage configuration of the test case 01: dp = 1.0mm, V = 3.09km/s

Fig. 5 The damage configuration of the test case 09: dp = 0.8mm, V = 4.91km/s

each aluminized film and gauze in a MLI layer into particles will result in too may particles which is cost
prohibitive, because each single-layer of the MLI layer is too thin (the minimum thickness is about 18µm).
Therefore, the MLI layer has to be idealized as a single-layer material with equivalent material properties
properly determined.

Aluminized film  

Aluminized  

Gauze

film with gauze

Fig. 6 A MLI layer

3.1 Laminated plate model

Fig.6 illustrates the schematic diagram of the MLI layer used in this paper, which is made up of 9 layers
symmetrical with respect to the central axis. The MLI layer can be idealized as a symmetric laminated plate
model (as shown in Fig.7), with each single-layer simplified as a transversely isotropic material on the x-y
plane where the length and width are located. Due to the flexibility, these materials which constitute the
laminated plate can not bear bending and twisting. Therefore, the bending rigidity and coupling rigidity of
the laminates are ignored, and only the tensile rigidity is taken into account.
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Fig. 7 z coordinates of each layer of the MLI
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Let the laminated plate be subjected to the axial tensile load Nx, and the loads in other directions are
0. Thus, the load-strain relationship of the laminated plate can be stated asNx0

0

 = A

 εx
εy
γxy

 (1)

where εx, εy and γxy are the strain components of the laminated plate, A is the equivalent tensile rigidity
of the laminated plate defined by

A =
n∑
k=1

tkbQk (2)

where b is the width of the plate, tk = zk − zk−1 is the thickness of the kth layer, and

Qk =


Ek

1− ν2k

νkEk
1− ν2k

0

νkEk
1− ν2k

Ek
1− ν2k

0

0 0
Ek

2 (1 + νk)

 (3)

with Ek and νk denoting the Young’s modulus and Poisson’s ratio of the kth layer, respectively.
Let the laminated plate is equivalent to a single-layer plate with the same thickness t =

∑n
k=1 tk. Sup-

posing the equivalent elastic modulus and Poisson’s ratio of the single-layer plate are E and ν, respectively,
we have

A = tb


E

1− ν2
νE

1− ν2 0

νE

1− ν2
E

1− ν2 0

0 0
E

2 (1 + ν)

 (4)

The equivalent Young’s modulus and Poisson’s ratio of the single-layer plate E and ν can be calculated
by substituting Eq.(2) into Eq.(4).

The limit load of the laminated plate can be determined through strength analysis. Let Nx gradually
increases from zero until all layers of material are yield or failed. The stress of each single-layer material is
calculated and then the Von Mises yield criterion and the maximum principal strain failure criterion are
used to determine which layer will be yielded or failed first. When a single-layer of the laminated plate
is yielded or failed, its rigidity will be weakened so that the slope in the load-displacement curve of the
laminate will be decreased. With the increase of external load, the numbers of failed layers are increased
and the rigidity will be lower and lower until it becomes zero. Thus, the laminated plate can no longer bear
the load and the external load at this moment is the limit load of the laminated plate. The basic steps of
calculation are summarized as follows:

1) The stress-strain relationship of the kth layer laminate is σxkσyk
τxyk

 = Qk

 εxk
εyk
γxyk

 = QkA
−1

Nx0
0

 (5)

where the second equality is due to the fact that the strain of each single-layer is the same as that of the
laminated plate.

2) The Von Mises yield criterion σ2xk + σ2yk +
(
σxk − σyk

)2
= 2σ2yk and the maximum principal strain

failure criterion ε1 > εfk are used to solve the corresponding Nx when yield or failure of various layers
occurs, where σyk and εfk are the yield strength and failure strain of the kth layer, respectively, ε1 is the
maximum principal strain of the laminate.

3) Update Qk and A. If yield happens in the kth layer, its rigidity coefficient Qk is weakened to

Q̃k =
Etk

Ek
Qk (6)

where Etk is the tangent modulus of the kth layer. If failure happens in the kth layer, its weakened rigidity
coefficient should be Q̃k = 0. If the kth layer is neither failed nor yield, its rigidity coefficient shall remain
unchanged, i.e. Q̃k = Qk.

Thus, the weakened rigidity of the laminated plate can be obtained as

Ã =
n∑
k=1

Q̃ktkb (7)
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4) Update the stress of each layer. The stress increment of kth layer is∆σx∆σy
0


k

= Q̃k

∆εx∆εy
0


k

= Q̃kÃ
−1

∆Nx0
0

 (8)

5) Continue to increase the axial tension Nx, and repeat steps 1) to 4 ) until all layers fail.
The stress-strain curve of the laminated plate can be obtained though above calculation. The kinks in

the curve correspond to the yield points and failure points of the different layers of the laminated plate.

3.2 Determination of material properties of each layer

The material parameters of each layer can be obtained by carrying out various mechanical tests. The elastic
properties of the single-layer material can be obtained by static tests, while the material behavior at high
strain rates needs to be obtained under dynamic test conditions [37]. Because each single-layer of the MLI
is very soft and slim, typical tests under dynamic loading conditions such as Hopkinson test and shear test
are very difficult to conduct, if not impossible. Therefore, the material parameters of each single layer is
obtained in this paper by the quasi-static axial tensile test.

The quasi-static axial tensile tests are carried out on the Zwick/Roell tensile testing machine with upper-
beam moving at speed of 5mm/min. The test pieces are made into long strips with a width of 20mm and a
length of 100mm. The specimen breaking is taken as the terminate condition.

The stress-strain curves obtained by the axial tensile tests are shown as Fig.8. Based on these stress-
strain curves, the elastic modulus E, yield stress σy, tangent modulus Et and failure strain εf of each
single-layer can be calculated, as listed in Table 2. The Poisson’s ratio is determined by FEM simulation
using LS-DYNA to match the numerical results with the axial tensile test data.
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Fig. 8 Stress-strain curves of (a) Aluminized film, (b) Aluminized film with gauze and (c) Gauze

Table 2 The material parameters of the single-layers of the MLI

E(MPa) σy(MPa) Et(MPa) εf ν
Aluminized film 2478.9 58 114 0.11 0.2

Aluminized film with gauze 294 6.5 109 0.15 0.2
Gauze 33.17 2.0 11.7 0.28 0.1

3.3 Validation of the laminated plate model

In order to validate the equivalent laminated plate model of the MLI layer established in Section 3.1, the
tensile test of the MLI is carried out. The stress-strain curve obtained by the test is compared with that
obtained by the laminate model in Fig.9. There are three yield stress points denoted by a, b and c in Fig.9
at which a single-layer is yielded. Fig.9 shows that the results calculated by the laminated plate model agree
well with the test results in the elastic and plastic regions, but shows significant discrepancy after the first
ply failure point d. The main reason for the discrepancy is that the layers of the test pieces is hand-paved,
so that some layers are tight while some layers are relatively loose.

The elastic modulus E, Poisson’s ratio ν, yield stresses σy1, σy2 and σy3, limit stress σlimit, and tangent
modulus Et of the equivalent laminated plate can be calculated using the theory presented in Section 3.1.
Take the first yield stress σy1 as the yield stress of the equivalent laminated plate. There are three segments
ab, bc and cd in the curve from the first yield stress points a to the first ply failure point d. The slope
of these segments represents the tangent modulus of the laminated plate. The first segment ab can be
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Fig. 9 Stress-strain curves of the MLI layer obtained by the test and the laminated plate model prediction

neglected because its length is very short. The slopes of bc and cd are very close, so that these two lines
can be approximated as a straight line bd, whose slope is taken as the tangent modulus of the laminated
plate. The material constants determined for the MLI are list in Table 4.

4 Material models

The projectile and aluminum plate are made of 2A12 aluminum alloy and 5A06 aluminum alloy, respectively.
The Johnson-Cook model is used with the Gruneisen equation of state to model the mechanical behavior of
these alloys. The Johnson-Cook model [13] [14] is mainly used to describe material behavior of metal materials
subject to large strain, high temperature and high strain rate, whose yield stress is given by

σy = (A+Bεpn)
(
1 + C ln ε̇∗

) (
1− T ∗m) (9)

where ε̇∗ = ε̇p/ε̇0 is the dimensionless equivalent plastic strain rate, ε̇0 = 1s−1 is the effective plastic
strain rate of the quasi-static test used to determine the yield and hardening parameters, ε̇p = 4εp/4t
is the plastic strain rate, A, B, C, m and n are the material constants, T ∗ = (T − Tr) (Tm − Tr) is the
dimensionless temperature, Tr and Tm are the room temperature and melt temperature, respectively.

The Mie-Gruneisen equation of state (EOS) is mainly used to describe the thermo-mechanical behavior
of metallic solids, which is stated as

p = pH

(
1− µγ

2

)
+ γ0E (10)

where pH is the pressure on the Hugoniot, µ = ρ/ρ0 − 1 is the coefficient of compressibility, γ = γ0ρ0/ρ is
the Gruneisen coefficient, E0 is the internal energy per unit reference volume, c0 is the sound speed of the
material, γ0 and s are the material constants.

The maximum tension stress failure criteria, σ1 > σmax, is used to simulate peel-off of the aluminum
plate and cratering failure, where σ1 is the maximum principal stress, σmax is the material constant.

The material constants of 2A12 aluminum alloy and 5A06 aluminum alloy are taken from the litera-
ture [6,8], and summarized in Table 3.

Table 3 Material constants of the projectile and aluminum plate

Parameter 2A12 aluminum alloy 5A06 aluminum alloy
ρ
(
g/mm3

)
2.77 × 10−3 2.67 × 10−3

E(MPa) 7.17 × 104 7.182 × 104

A(MPa) 265 207
ν 0.33 0.33

B(MPa) 426 426
C 0.015 0.015
n 0.34 0.34
m 1.0 1.0

Cp(J/kg K) 904 853
Tm(K) 900 864

σmax(MPa) 2500 2200
c0(m/s) 5328 5328

s 1.11 1.338
γ0 2.0 2.0

Both the outer-layer fabric and the MLI layer are modeled by using the elastic-plastic model with the
Gruneisen EOS and the maximum principal strain failure model. The elastic-plastic material constants and
failure strain of the MLI layer have been obtained in Section 3, while the Gruneisen EOS constants are
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taken from the literature [10]. The elastic-plastic material constants and failure strain of the outer-layer
are obtained by quasi-static axial tensile tests, while the Gruneisen EOS constants are taken from the
literature [2]. These constants are listed in Table 4.

The stress-strain curve obtained by quasi-static axial tensile test shows that the liner layer behaviors
elastically. Thus, the liner layer is modeled by the elastic model with the Gruneisen EOS and the maximum
principal strain failure mode. The elastic material constants and failure strain are obtained from the tensile
test, while the Gruneisen EOS constants are taken from the literature [34,1], see Table 4.

Table 4 Material constants of the multi-layer fabric

Parameter Outer-layer fabric [2] MLI layer [10] Liner layer [34,1]

ρ
(
g/mm3

)
0.96 × 10−3 0.267 × 10−3 0.65 × 10−3

E(MPa) 1905 261.27 248.59
ν 0.43 0.195 0.3

σy (MPa) 188 5.54
Et(MPa) 88.44 66.73

εf 0.25 0.11 0.23
c0(m/s) 5350 2000 1506

s 1.0 1.4 1.32
γ0 0.766 1.53 0.784

5 Numerical simulation

In the hyper velocity impact test presented in Section 2, the specimen is a 200mm× 200mm× 3mm multi-
layer fabric coated aluminum plate. The thicknesses of the outer-layer, MLI layer, liner-layer and aluminum
plate are 0.4mm, 1.0mm, 0.2mm and 1.4mm, respectively. In the tests, the minimum impact velocity of the
projectile is about 3km/s, and the coated aluminum plate is penetrated in less than 4µs. Since the sound
speed of the aluminum plate is 5328m/s, the impact wave travels less than 21.5mm in the aluminum plate
during this period. Therefore, to reduce the computational cost, the size of the multi-layer fabric coated
aluminum plate is chosen as 28mm× 28mm× 3mm in our numerical studies. The MLI layer is simplified by
the equivalent laminated plate model established in Section 3.

5.1 MPM model

Due to symmetry, only one half of the plate is modeled by MPM particles, as shown in Fig.10. There are
five parts in the model, namely, the spherical projectile, the outer-layer fabric, the MLI layer, the liner
layer and the aluminum plate. The particle spacing is 0.1mm, while the cell size of the background grid is
0.2mm. The symmetric boundary condition is imposed on the symmetry plane, whereas the free boundary
condition is imposed on the top and bottom boundaries. The transmitting boundary condition is imposed
on the three remaining boundaries to suppress the reflection wave on these artificial boundaries.

Aluimum plate

Outer-layer

MLI

Liner

Fig. 10 MPM model of the multi-layer fabric coated aluminum plate

5.2 Numerical simulation of test cases 03 and 05

In order to validate the MPM model, the test cases 03 and 05 listed in Table 1 are simulated using our
MPM3D code [28,36] with the MPM model. The final configuration of the outer-layer and aluminum plate
obtained by the MPM simulation are compared with the test results in Fig.11 - Fig.14, while the sizes of
the perforated holes in horizontal and vertical direction (Dh ×Dv) are listed in Table 5.
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Fig. 11 The final configuration of the outer-layer for test case 03 obtained by (a) the test, (b) the original MPM model
and (c) the corrected MPM model.

Fig. 12 The final configuration of the aluminum plate for test case 03 obtained by (a) the test, (b) the original MPM
model and (c) the corrected MPM model.

(a) (b) (c)

Fig. 13 The final configuration of the outer-layer for test case 05 obtained by (a) the test, (b) the original MPM model
and (c) the corrected MPM model.

(a) (b) (c)

Fig. 14 The final configuration of the aluminum plate for test case 05 obtained by (a) the test, (b) the original MPM
model and (c) the corrected model.

Table 5 Sizes of the perforated holes (Dh ×Dv)

Test case 03 (mm) Test case 05 (mm)
Outer-layer Aluminum plate Outer-layer Aluminum plate

Test 2 × 1.8 2.2 × 2 1.8 × 1.8 2.4 × 1.1
Original MPM model 5 × 5 3.5 × 3.6 5.3 × 5.2 3.2 × 3.2

Corrected MPM model 2.7 × 2.4 3.0 × 3.4 2.3 × 2.2 2.9 × 2.4
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Fig.11 - Fig.14 show that the sizes of the perforated hols obtained by the MPM simulation are larger
than those of the test, especially the numerical diameters of the holes perforated in the outer-layer are more
than 2 times of the test results. One possible reason is that the material constants of the outer-layer are
obtained from quasi-static test, rather than from high strain rate test, as discussed in Section 3.2. However,
it is difficult to eliminate this error. Another reason is that the MPM model does not agree well with the
test specimen. Fig.15 shows a snapshot of the test, which illustrates that the thickness in the middle of the
test specimen is obviously larger than that in the fixed end. That is to say, there exists space between the
layers, which has not been taken into account in the original MPM model. Thus, the original MPM model
should be corrected to include these spaces.

D

tmax

tmin

Fig. 15 A snapshot of the test

5.3 Model Correction

Taking the space between layers into account, the original MPM model shown in Fig.10 can be corrected
as shown in Fig.16. The outer-layer, MLI layer and liner layer are assumed to be spaced equally, namely
s1 = s2, where s1 and s2 denote the space between the adjacent layers. The maximum and minimum
thicknesses of the test specimen shown in Fig.15 are measured as tmax = 8mm and tmin = 5mm. Taking
the averaged thickness ta = 6.5mm as the thickness of the test specimen, the total space s = s1 + s2 can
be obtained as the difference between the ta and the thickness t = 3.0mm in the original model. Thus, the
spaces can be obtained as s1 = s2 = (ta − t)/2 = 1.75mm.

Liner layer

Outer layer

MLI

s1

s2

Aluminum Plate

Fig. 16 The corrected MPM model

The hyper velocity impact tests of test cases 03 and 05 are simulated again using the corrected MPM
model shown in Fig.16. The final configurations of the outer-layer and the aluminum plate are compared
with the test results in Fig.11 - Fig.14, while the sizes of the perforated holes are compared with the test
results in Table 5. These comparisons show that the numerical results obtained with the corrected MPM
model agree reasonably with the test results.

5.4 Investigation on the out layer damage and debris cloud

Although the corrected MPM model is obtained base on the results of test cases 03 an 05, it should be
able to simulate other hyper velocity impact tests with different impact velocity and projectile diameter.
For example, the hyper velocity impact of a projectile with a diameter of 3mm at an impact velocity of
4.26km/s is simulated using MPM3D with the corrected MPM model. Fig.17 compares the debris clouds
at different times obtained by the MPM simulation with test results. The MPM simulation results clearly
shows that when the projectile pierces through the target, the projectile is broken into debris. Most of the
debris continues to move forward, while some of them ejects backward, and some of them splashes between
the layers. The debris cloud continues to stretch and expand during the process of moving forward and
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Fig. 17 The debris cloud at different times

forms into an oval bubble. The shape and size of the debris cloud obtained by the MPM simulation agrees
well with the test results.

Fig.18 illustrate the configuration of the outer-layer fabric with color representing the von Mises stress
at different times. The figures in the font view show that the backwash debris splash between the layers and
impact on the outer-layer fabric in the opposite direction, which cause damage to the outer-layer fabric, as
shown in the figures in the bottom view. Fig.19 compares the final configuration of the outer-layer fabric
obtained by the MPM simulation with the test results. In addition to the perforated hole centered at the
impact point, there exist several small holes distributed along a circle centered at the impact point. The
diameters of the center hole and the circle obtained by the MPM simulation agree very well with the test
results.

(a)

t = 5.3μs

t = 0μs

t = 10.6μs

t = 15.9μs

t = 21.2μs

(b)

Fig. 18 Configurations of the outer-layer fabric with color representing the stress at different times. (a) the front view; (b)
the bottom view.

6 Ballistic limit equation

Christiansen et al. [5] showed that there exist inflection points in the ballistic limit curves of the soft good
components of the extravehicular mobility unit (EMU) space suit. Therefore, the ballistic limit equation is
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(a) (b)

Fig. 19 Final configuration of the outer-layer obtained by (a) experiment and (b) MPM simulation.

a multi-segment function as [5]

dc =


CL

ρ0.5V 2/3 cos θX
V ≤ V1

Chi

ρ0.5 cos θ0.15
(V−V1)
(V2−V1)

+ Cli

ρ0.5 cos θ−(0.088−X)

(V2−V )
(V2−V1)

V1 ≤ V ≤ V2
CH

ρ0.5V 2/3 cos θ0.45
V ≥ V2

(11)

where θ denotes the impact angle, V is the impact velocity, V1 = 5.1/ cos θ0.132, V2 = 6.95/ cos θ0.45, CH,
CL, Chi, Cli and X are coefficients.

Due to the similarity of the multi-layer fabric coated aluminum plate to the EMU soft good components,
we employ Eq.(11) as the ballistic limit equation in form for the multi-layer fabric coated aluminum plate,
but with different coefficients. Because dc is continuous across V = V1 and V = V2, the coefficients CH, CL,

Chi and Cli must satisfy the relationships Chi = (6.95)−2/3
CH and Cli = (5.1)−2/3

CL. Thus, the coefficients
Chi and Cli can be eliminated from Eq.(11).

By carefully examining Eq.(11), we propose a generalized ballistic limit equation as

dc =


CL

ρ0.5V 2/3 cos θX
V ≤ V1

CH

ρ0.5V
2/3
H cos θ−( 2

3
SH−XH)

(V−V1)
(V2−V1)

+ CL

ρ0.5V
2/3
L cos θ−( 2

3
SL−X)

(V2−V )
(V2−V1)

V1 ≤ V ≤ V2
CH

ρ0.5V 2/3 cos θXH
V ≥ V2

(12)

where V1 = VL/ cos θSL , V2 = VH/ cos θSH . The ballistic limit equation (11) is a special case of the generalize
equation (12) with SH = 0.45, SL = 0.132, XH = 0.45, VH = 6.95 and VL = 5.1.

Taking Eq.(12) as the ballistic limit equation for the multi-layer fabric coated aluminum plate, we need
to determine the eight coefficients (VL, VH, CL, CH, SL, SH, X and XH) based on the test data or/and
numerical results. It can be shown that the critical diameter dc is only related to VL, VH, CL and CH if the
impact angle θ = 0̈ı¿œ, namely

dc = dc (V, VL, VH, CL, CH) (13)

We have conducted 13 tests with impact angle θ = 0̈ı¿œ for impact velocity V < 6.2km/s, but not for
impact velocity V > 6.2km/s due to the limitations of the test equipment capacity. Therefore, we conducted
numerical tests using the corrected MPM model for impact velocity of 7km/s, 8km/s and 9km/s. For each
specified impact velocity, many cases have been tried with different projectile diameters to obtain the
minimum projectile diameter dYmin that penetrates the target and the maximum projectile diameter dNmax

that does not penetrate the target, as listed in Table 6.

Table 6 Numerical simulation cases for impact angle θ = 0◦

V (km/s) dYmin(mm) dNmax(mm)
2 1.42 1.38
3 1.22 1.18
4 1.12 1.08
5 0.98 0.94
6 0.84 0.80
7 0.92 0.88
8 0.86 0.82
9 0.84 0.80

The numerical results for impact velocity of 7km/s, 8km/s and 9km/s together with the test results listed
in Table 1 are used to fit the ballistic limit equation (13). The coefficients are obtained as VL = 4.73km/s,
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VH = 6.56km/s, CL = 13kg
1/2s−

2/3m
1/6 and CH = 18kg

1/2s−
2/3m

1/6 by minimizing the mean square fitting
error

e(VL, VH, CL, CH) =
1

N

N∑
k=1

(dc(Vk, VL, VH, CL, CH)− d̂ck)2 (14)

where N = 19 is the total number of points used to fit the equation, dc (Vk, VL, VH, CL, CH) is the fitted
value, d̂ck is the test value and numerical value. The fitted ballistic limit curve for impact angle θ = 0̈ı¿œ is
plotted in Fig.20.

Velocity (km/s)
2 4 6 8 10 120

0.5

1.0

1.5

2.0

2.5

3.0

Fitted curve

Test (Penetrated)

Test (Not penetrated)
Simulation (Penetrated)

Simulation (Not penetrated)

 Inflection point

d
c(

m
m

)

Fig. 20 Fitted ballistic limit curve for impact angle θ = 0◦

To further validate our corrected MPM model, the simulation results obtained for the impact velocity
V ≤ 6km/s are also plotted in Fig.20. It shows that the critical diameter obtained by our corrected MPM
model for impact velocity V ≤ 6km agrees very well to the fitted curve obtained from the test results for
impact velocity V < 6.2km/s and the numerical results for impact velocity V ≥ 7km/s. This further verifies
that our corrected MPM model is able to well predict the hyper velocity impact behavior of the multi-layer
fabric coated aluminum plate.

To further determine the remaining coefficients, we conducted many numerical tests for impact angle
θ = 45◦ and θ = 60◦ with different impact velocities. For each specific impact velocity, many cases have been
tried out with different projectile diameters to obtain the minimum and maximum projectile diameters, as
listed in Table 7.

Table 7 Numerical simulation cases for impact angle θ = 45◦ and θ = 60◦

45◦ 60◦

V (km/s) dYmin(mm) dNmax(mm) dYmin(mm) dNmax(mm)
2 1.72 1.68 2.17 2.13
3 1.32 1.28 1.82 1.78
4 1.07 1.03 1.62 1.58

4.5 1.01 0.97 1.32 1.28
5 1.02 0.98 1.32 1.28

5.5 0.93 0.89 1.23 1.19
6 0.92 0.88 1.22 1.18

6.5 0.92 0.88 1.13 1.09
7 0.92 0.88 1.10 1.08
8 0.88 0.84 1.04 1.00
9 0.83 0.79 1.03 0.99

Since the coefficients VL, VH, CL and CH have been determined, the critical diameter dc is only related
to the remaining coefficients, namely,

dc = dc (V, θ, SL, SH, X,XH) (15)

These coefficients are obtained as SL = 0.12, SH = 0.1, X = 0.48 and XH = 0.23 by minimizing the mean
square fitting error

e (SL, SH, X,XH) =
1

N

N∑
k=1

(dc(Vk, θk, SH, SL, X,XH)− d̂ck)2 (16)

where N = 44 is the total number of points used to fit the equation, dc (Vk, θk , SL, SH, X,XH) is the fitted
value and d̂ck is the numerical value listed in Table 7.

Eventually, the eight determined coefficients of the ballistic limit equation for the multi-layer fabric
coated aluminum plate are summarized in Table 8. The ballistic limit curves for impact angle θ = 0◦,
θ = 45◦ and θ = 60◦ are plotted in Fig.21.
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Table 8 Coefficients of the BLE for the multi-layer fabric coated aluminum plate

VL VH CL CH SL SH X XH

4.73 6.56 13 18 0.12 0.1 0.48 0.23

0.5

1.0

1.5

2.0

2.5

3.0

3.5

d
c(

m
m

)

Velocity (km/s)
2 4 6 8 10 120

4.0

 = 60°θ

 = 45°θ

 = 0°θ

Fig. 21 Ballistic limit curves for impact angle θ = 0◦, θ = 45◦ and θ = 60◦

7 Conclusions

The ballistic limit equation plays an important role in determining the minimum shielding requirements
for spacecraft. However, developing a ballistic limit equation based on hyper velocity tests is not only cost
and time expensive, but also lacking of sufficient data for impact velocity higher than 7km/s due to the
limitations of the experiment equipment capacity. Therefore, a validated numerical model is desirable to
predict the hyper velocity impact behavior of spacecraft.

This study established a validated MPM model for the multi-layer fabric coated aluminum plate based
on two hyper velocity tests. Numerical studies show that the validated MPM model can well predict the
hyper velocity impact behavior of the multi-layer fabric coated aluminum plate with other impact velocities
and projectile diameters. Hence, the validated MPM model can be used to provide hyper velocity impact
data for impact velocity higher than 7km/s.

A ballistic limit equation is established for the multi-layer fabric coated aluminum plate for space
suit design by using the hyper velocity test results for impact velocity less than 6.2km/s and the MPM
simulation results for impact velocity greater than 6.2km/s. It shows that the critical diameter obtained by
the validated MPM model for impact velocity less than 6.2km agrees well to the established ballistic limit
equation, although which is established based on the test results for these velocity range.

The validated MPM model and the ballistic limit equation developed for the multi-layer fabric coated
aluminum plate in this study provide an effective tool for the space suit design.
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