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A B S T R A C T   

Laser-induced micro-projectile impact testing (LIPIT) is a useful experimental method for exploring the dynamic 
behavior of materials at microscale. It has been a key issue to obtain a scaling law of launch velocity of LIPIT to 
simplify experimental design and improve experimental configuration. This paper obtains a geometrical scaling 
law of launch velocity for LIPIT with relative thick metallic film (30–80 µm thick aluminum) using dimensional 
analysis, experimental measurements, and numerical simulations. Firstly, the dimensional analyses of LIPIT with 
and without elastomer film configuration are performed, and the dimensionless parameters controlling the 
launch velocity of the micro-projectile are deduced, from which the geometrical scaling laws of launch velocity 
for the LIPIT are obtained. Then, the numerical simulation models of the LIPIT are established and validated by 
LIPIT experimental results, providing a numerical validation for the geometrical scaling laws. In addition, the 
influences of the dimensionless parameters on the dimensionless launch velocity of micro-projectiles are 
analyzed by numerical simulations, and the dimensionless formulas for predicting the launch velocities of micro- 
projectiles in a LIPIT are given, providing an effective method for analyzing and optimizing the LIPIT 
experiments.   

1. Introduction 

Understanding the dynamic mechanical behavior of materials sub
jected to high-velocity impact is a key issue for designing high- 
performance protective structures [1–3]. The traditional dynamic 
techniques at macroscale include fatigue testing machine, pendulum 
impact, drop hammer impact, split Hopkinson pressure bars, Taylor 
impact, ballistic impact, and plate impact for various application back
grounds and strain rates [4–14]. Although relative large-scale testing is 
important for understanding material and structural responses, it has 
been shown that surprising material behavior can emerge with 
decreasing size scales and increasing strain rates [14–16]. For instance, 
two-dimensional materials such as graphene are founded to possess 
excellent mechanical behavior and superior impact resistance [2,17,18]. 
The traditional impact facilities, such as ballistic impact [12], are 
incapable of measuring the impact resistance of materials with a 
thickness in the order of nano- or micro-meters. It is, therefore, crucial to 

develop micro-scale impact experimental methods to investigate the 
dynamical performance of materials at nano- and micro-scales [19–21]. 

Laser-induced micro-projectile impact testing (LIPIT) has recently 
attracted great attention due to its capability of exploring the dynamic 
behavior of materials at microscale. It was firstly developed by Lee et al. 
[2,22] and further developed by Veysset et al. [23]. The LIPIT utilizes 
laser-induced shock waves to accelerate micro-projectiles. Generally, 
the configuration and the launch principle of a LIPIT are shown in Fig. 1 
(a) [22–28]. A thin metallic film is attached firmly to a transparent 
optical glass, and a thin layer of elastomer spreads evenly on the rear 
surface of the metallic thin film [24]. A micro-projectile is then placed 
on the back free surface of the elastomer before experiments. When a 
high power density laser irradiates the surface of a metallic film attached 
to the optical glass, a thin layer of the metallic film is vaporized and 
ionized immediately, generating plasma with high pressure during rapid 
expansion under the confinement of surrounding materials and resulting 
in a shock pressure with a high amplitude of several GPa and a short 
duration of tens of nanoseconds [29–31]. The shock wave propagates 
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back and forth in the thin metallic film and the thin elastomer, leading to 
the rapid expansion of the thin metallic film and the thin elastomer [32]. 
As a result, the micro-projectile is finally ejected due to the expansion 
processes of the thin films, similar to the mechanism of the laser-driven 
flyer [33,34]. The elastomer film in LIPIT is used to attenuate the shock 
wave and protect the micro-projectile from laser-induced ablation. 
Sometimes, the LIPIT configuration without elastomer is employed to 
increase the launch velocity of the micro-projectile [23]. 

The configuration of the launchpad is important for LIPIT to realize 
different launch conditions. For LIPIT with elastomer film, the thickness 
of the metallic film is in the order of nanometers (50 ~ 100 nm), and the 
thickness of elastomer film is in the order of tens of microns (20 ~ 50 
µm). The metallic film could be fully ablated under laser irradiation, and 
only the elastomer film is accelerated by the expanding plasma. With 
this method, the micro-projectile with a diameter of 5 ~ 30 µm can be 
eventually launched at a velocity up to 103 m/s [16,18,35–38]. To 
further increase the launch velocity, Veysset et al. improve the config
uration of LIPIT and realize a launch velocity of 3000 m/s for silica 
micro-projectiles with a diameter of 7.4 µm by removing the elastomer 
film and increasing the thickness of the metallic film (gold, 670 nm 
thick) [23]. Sometimes relatively large micro-projectiles (50 ~ 400 µm 
diameter) are required, and relatively thick metallic films (30 ~ 80 µm) 
are used [26], in which the metallic is not fully consumed and expanded 
with elastomer. In this study, we mainly focus on the scaling law of the 
launchpad configuration with micron-thick metallic films (30 ~ 80 µm). 
The other launchpads of LIPIT can be investigated with the same 
method. 

LIPIT is currently limited in the launch velocities of micro- 
projectiles, which prohibits the study of certain impact regimes in 
certain materials. Here, we will figure out the launch mechanism of 
LIPIT with relatively thick metallic film and determine the influencing 
factors of launch velocities of micro-projectiles, so that the configuration 
of the LIPIT can be improved to achieve even high launch velocity. The 
launch velocities of micro-projectiles in LIPIT are affected by various 
parameters involving laser power density and laser spot diameter, 
geometrical dimensions and mechanical behavior of thin metallic film 
and thin elastomer, and the type of micro-projectiles. The influence of 
some individual parameters such as laser pulse energy, micro-projectile 
mass, and type of elastomer films has been investigated [2,23]. How
ever, essential dimensionless parameters of LIPIT that determine the 

launch velocities of micro-projectiles have not been derived. In this 
paper, the geometrical scaling laws for LIPIT with and without elastomer 
film configurations are obtained and validated by dimensional analysis 
and numerical simulation, respectively. In addition, the influence of 
each essential dimensionless parameter is analyzed numerically, from 
which specific dimensionless formulas are obtained to predict accurately 
the launch velocities of micro-projectiles in LIPIT for various experi
mental configurations. 

This paper is organized as follows. In Section 2, the geometrical 
scaling law of launch velocity for LIPIT is deduced. In Section 3, LIPIT 
experimental details are provided. In Section 4, numerical simulation 
models are built. In Section 5, the effects of the dimensionless parame
ters of the scaling law are analyzed, and the specific formulas used to 
predict the launch velocity of the micro-projectiles are given, followed 
by discussion and conclusions. 

2. Dimensional analysis 

In this section, the dimensional analysis is performed to derive the 
key dimensionless parameters that control the launch velocity of the 
micro-projectile, from which a geometrical scaling law is obtained. 

In LIPIT experiments, the laser pulse with a spot area SL, energy EL, 
and a full width at half maximum (FWHM) of duration tL will generate a 
shock wave p(t) with peak pressure p0 and FWHM t0, which depends on 
the absorbed laser power density I(t), 

I(t) = p(t)
dL(t)

dt
+

3
2γ

d[P(t) × L(t)]
dt

, (1)  

where L(t) is thickness of plasma; γ is thermal internal energy ratio, 
which is 0.1 for the LIPIT model [29]. When the laser is switched off, the 
plasma expands adiabatically and its thickness can be determined as 

p(t) = p(τ)
(

L(τ)
L(t)

)δ

, (2)  

where δ is the adiabatic exponent and typically taken as 2.0, and p(τ) 
and L(τ) are the pressure and thickness of the plasma at the time when 
the laser is switched off, respectively [29]. The strength-to-pressure 
ratio of the confined layer and the absorption layer are usually larger 
than 6 × 10− 2 under laser-induced shock. As a result, the strength of the 

Nomenclature 

SL spot area of laser 
EL energy of laser 
tL full width at half maximum (FWHM) of laser 
t0 FWHM of p(t) 
t time 
S0 effective loading area 
p(t) shock wave of plasma generated from laser 
p(τ) pressure of plasma at the time τ when the laser is switched 

off 
p0 peak pressure of p(t) 
I(t) absorbed laser power density 
L(t) thickness of the plasma 
L(τ) thickness of the plasma at time τ 
γ thermal to internal energy ratio 
A yield stress 
B strain-hardening modulus 
C strain-rate hardening parameter 
εp equivalent plastic strain 
ε̇∗ normalized equivalent plastic strain rate 
C0 intercept of the shock velocity-particle velocity curve 

S1,S2,S3 slope coefficients of the shock velocity-particle velocity 
curve 

ρ current density 
ρ0 initial density 
E initial internal energy 
ρm density of metallic film 
Em elastic modulus of metallic film 
νm Poisson’s ratio of metallic film 
Am yield stress of metallic film 
Bm strain-hardening modulus of metallic film 
nm strain-hardening exponent of metallic film 
Cm strain-rate hardening parameter of metallic film 
Cm0 sound speed at zero pressure of metallic film 
hm thickness of metallic film 
ρe density of elastomer 
Ee characteristic elastic modulus of elastomer 
νe Poisson’s ratio of elastomer 
he thickness of elastomer 
Mp mass of micro-projectile 
vp launch velocity of the micro-projectile 
vP − E experimental launch velocity of the micro-projectile  
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material needs to be taken into account. In addition, the reflection of 
stress waves in the thin aluminum film will affect the expanding velocity 
of the laser-induced plasma, which should be considered in the present 
study. Therefore, the coupling effects between the evolution of plasma 
and the dynamic response of the confined materials are considered and 
described as follows, 

dL(t)
dt

= f
(

p(t),
dp(t)

dt
,Hm,φm

)

, (3)  

where Hm represent thicknesses of confined layer and absorption film, 
and ϕm are material constitutive related parameters. The pressure his
tory can be calculated by Eqs. (1)–(3) step by step using a differential 
computation code [39]. 

Generally, the duration of shock pressure is about tens of nanosec
onds [40]; the micro-projectile launch process is in the order of several 
microseconds; and the depth of the thermal influence of the laser on the 
metallic film is about 0.1 µm [41]. Therefore, the present study can 
analyze separately the laser-matter interaction and micro-projectile 
launch process for a 10-µm-thick metallic film [42]. Here, for the sake 
of simplicity, the characteristics of the shock wave, i.e. peak pressure p0, 
effective area S0, and characteristic duration t0, which can be calculated 
from Eqs. (1)–(3) for a given laser, are taken into account as input 

quantities in the dimensional analysis. As a result, the thermal-related 
parameters during laser-matter interaction are not taken into account. 

The mechanical behavior of the metallic film under shock pressure 
can be described by the hydro-elastoplastic model [39], in which the 
relationship between the effective stress and the equivalent plastic strain 
is given as follows, 

σy = (A+Bεpn
)(1+Clnε̇∗), (4)  

where A, B,C, εp, n, and ε̇∗ are yield stress, strain-hardening modulus, 
strain-rate hardening parameter, equivalent plastic strain, strain- 
hardening exponent, and the normalized equivalent plastic strain rate 
[43], respectively. In the present study, the influence of the thermal 
softening effect of the metallic film on the launch velocity is negligible, it 
is not considered to increase the computational efficiency (see Appen
dix). The Mie-Grüneisen equation of state (EOS) [44] with cubic shock 
velocity-particle velocity is adopted to describe the bulk compressive 
behavior of the metallic film, in which the pressure is defined as 

P =
ρ0C2

0μ0
[
1 +

(
1 −

γ0
2 μ0

)
− a

2μ
2
0

]

[
1 − (S1 − 1)μ0 − S2

μ2
0

μ0+1 − S3
μ3

0
(μ0+1)2

]2 + (γ0 + aμ0)E, (5)  

where μ0 = ρ/ρ0 − 1, C0 denotes intercept of the shock velocity-particle 

Fig. 1. (a) Schematic of the LIPIT system and the launch mechanism (b1) with PDMS and (b2) without PDMS film. The high-intensity laser irradiates the surface of a 
metallic film to generate plasma with high pressure. During the fast expansion of the plasma, the micro-projectile that is initially attached to the PDMS or the 
aluminum film is ejected [24], realizing the supersonic impact response of materials under ultra-high strain rates. 
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velocity curve, S1,S2,S3 are slope coefficients of the shock velocity- 
particle velocity curve, γ0 is Grüneisen constant, a denotes first order 
volume correction to γ0, ρ and ρ0 are current density and initial density, 
E is initial internal energy [44], respectively. The mechanical behavior 
of the elastomer film covering the metallic film is regarded as 
super-elastic under impact [45,46], which can be described by the 

Ogden Rubber constitutive model, 

W =
∑3

i=1

∑n

j=1

μj

αj
(λi

αj − 1) + K(J − 1 − lnJ), (6)  

where W is strain energy density, μj is jth shear modulus,αj is the jth 
exponent, K is bulk modulus, J is relative volume; λi are principal 
stretches, n is order of the Ogden model [46]. 

Here, the deformation of micro-projectiles during launching in LIPIT 
is not considered, and it is therefore regarded as a rigid body. The micro- 
projectiles might experience large deformation and fracture for ultra- 
high shock pressure conditions. However, to measure the impact resis
tance of thin films, the micro-projectiles are generally acted as rigid in 
experiments to ensure sufficient measurement accuracy. The justifica
tion of the rigid assumption of the micro-projectiles is provided in Sec
tion Appendix. 

According to Buckingham’s Π theorem [47], a physical process can 
be described by a dependent variable, a0, and n independent variables, 
a1,a2,a3,…, an, as follows, 

a0 = f (a1, a2, a3,…an), (7)  

where f is the function of the physical process [48]. If the number of 
fundamental quantities is m, e.g. a1,a2,a3,…, am, then Eq. (7) can be 
written as [29] 

a0

ab1
1 ab2

2 …abm
m

= f
(

1, 1,…, 1
⏞̅̅̅̅̅⏟⏟̅̅̅̅̅⏞

m

;
am+1

ap1
1 ap2

2 …apm
m
,

am+2

aq1
1 aq2

2 …aqm
m
,…,

an

ar1
1 ar2

2 …arm
m

)

(8) 

The left side of Eq. (8) is dimensionless dependent variable denoted 
as Π. On the right of Eq. (8), the first m independent variables equal 1, 
which do not influence the dimensionless dependent variable Π. 
Therefore, the dimensionless dependent variable Π is influenced by the 
rest n-m independent variables denoted as Π1,Π2,⋅⋅⋅, Πn − m, where Π1 =

am+1
ap1

1 ap2
2 …apm

m
, Π2 =

am+2
aq1

1 aq2
2 …aqm

m
, …,Πn− m = an

ar1
1 ar2

2 …arm
m

, and p1,⋅⋅⋅, pm,q1,⋅⋅⋅, qm, 

r1,⋅⋅⋅, rm are power exponents. 
In the present study, the parameters controlling the launch velocity 

of the LIPIT process are described as follows. The laser shock pressure- 
related parameters: peak pressure p0, effective loading area S0, and the 
characteristic duration t0. The mechanical and geometrical parameters 
of the metallic film include density ρm, elastic modulus Em, Poisson’s 
ratio νm, yield stressAm, strain-hardening modulus Bm, strain-hardening 
exponent nm, strain-rate hardening parameter Cm, sound speed at zero 
pressure Cm0, dimensionless quantities Sm1,Sm2,Sm3, γm, am, and thick
ness hm. The mechanical and geometrical parameters of the thin elas
tomer are density ρe, characteristic elastic modulus Ee, Poisson’s ratio νe, 
and thickness he. Since the micro-projectile is assumed as rigid and its 
dimension is generally a small quantity when compared to the effective 

laser loading area, only the mass Mp is considered. The influence of the 
micro-projectile’s diameter is also investigated in Section Appendix, 
indicating the effect of micro-projectile size is negligible in the present 
diameter range. As a result, the launch velocity of the micro-projectile, 
vp, can be expressed as  

where, p0,S0,t0 are parameters of laser; ρm,Em,vm,hm,Am,Bm,nm,Cm,Cm0, 
Sm1,Sm2,Sm3,γm,am are parameters of metallic film; ρe,Ee,ve,he are pa
rameters of elastomer film; and Mp is the parameter of micro-projectile. 

Taking p0, S0, and t0 as independent variables, according to the Π 
theorem [47], Eq. (9) can be rewritten as  

where Πv = vpMp/p0S0t0, Πp = ρm(Cm0)2/p0, ΠEm = Em/p0, ΠS = hm/S0
0.5, 

ΠAm = Am/Em, ΠBm = Bm/Em, ΠI = Cm0ρmhm/p0t0, Πρ = ρe/ρm, ΠEe =

Ee/Em, Πh = he/hm, ΠMe = Mp/ρeheS0. Πv represents the ratio of 
micro-projectile momentum to momentum of shock wave. Therefore, 
nineteen dimensionless parameters affect the dimensionless launch ve
locity Πv:  

• Poisson’s ratios, vm and ve, of the metallic film and thin elastomer, 
respectively.  

• Dimensionless EOS related parameters, nm,Cm,Sm1,Sm2,Sm3,γm, and 
am, of the thin metallic film.  

• Characteristic pressures, Πp and ΠEm representing the deformation 
mechanism of the thin metallic film. 

• Characteristic strain, ΠAm , and characteristic modulus, ΠBm , repre
senting the maximum elastic strain and the strain-hardening 
behavior of the metallic film, respectively.  

• Characteristic thickness, ΠS, of the thin metallic film, representing 
the stress-state of the shock wave. 

• Characteristic momentum, ΠI, representing the effective loading ef
ficiency of the shock wave.  

• Characteristic density, Πρ, and characteristic elastic modulus, ΠEe , 
characteristic thickness, Πh, of the thin elastomer, respectively.  

• Characteristic mass, ΠMe , of the micro-projectile, representing the 
inertial effect. 

The material-related dimensionless parameters in the bracket on the 
right-hand side in Eq. (10) remain constant if the metallic film and the 
elastomer materials are unchanged. Therefore, a simpler relationship is 
achieved as follows, 

Πv = f
(
Πp, ΠS, ΠI , Πh,ΠMe

)
. (11) 

For the case without the elastomer configuration, as shown in Fig. 1 
(b2), the elastomer related parameters will not be considered, and Eq. 
(10) can be written as 

Πv = g
(
vm, nm,Cm, Sm1, Sm2, Sm3, γm, am,Πp,ΠEm ,ΠS,ΠAm ,ΠBm ,ΠI ;ΠMm

)
,

(12)  

where ΠMm = Mp/ρmhmS0. Similarly, the following relationship can be 
obtained if the material of the metallic thin film is unchanged, 

vp = f
(
p0, S0, t0; ρm,Em, vm, hm,Am,Bm, nm,Cm,Cm0, Sm1, Sm2, Sm3, γm, am; ρe,Ee, ve, he;Mp

)
, (9)   

Πv = f
(
vm, nm,Cm, Sm1, Sm2, Sm3, γm, am,Πp,ΠEm ,ΠS,ΠAm ,ΠBm ,ΠI ; ve,Πρ,ΠEe ,Πh;ΠMe

)
, (10)   
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Πv = g
(
Πp, ΠS, ΠI , ΠMm

)
. (13) 

It is obvious that there is a geometrical scaling law for the launch 
velocity of micro-projectiles in LIPIT. 

3. Experimental results 

In this section, the LIPIT system is established. Based on the exper
imental method, the launch velocities of the micro-projectiles in the 
configurations with and without elastomer are measured under various 
parameter windows, providing experimental data for validating the 
numerical simulation in Section 4. 

As shown in Fig. 1(a), the LIPIT process [49,50] was achieved by a 
Q-switched Nd: YAG pulsed laser, ultra-high-speed camera with 5 × 106 

fps frame rate, synchronous trigger, an SI-LUX640 visible high power 
pulsed diode laser illumination source, a convex lens with the focal 

length of 60 cm, and a launchpad. The pulsed laser with 1064 nm 
wavelength has a maximum output energy of 2.5 J and a FWHM of 
approximately 10 ns [24,51]. The focused spot radius of the laser pulse 
irradiated on the aluminum film is in the range of 0.3 ~ 1.7 mm. The 
adopted energy is between 0.04 ~ 0.60 J per shot. The launchpad as
sembly comprises a BK7 glass substrate, a commercial aluminum film 
(purchased from 3 M company) directly attached to the glass, a PDMS 
film layer, and a micro-projectile. The PDMS film is directly fabricated 
on the surface of the aluminum film through the spin-coating method, 
where the SYLGARD 184 silicone elastomer base with 10 wt.% curing 
agent cures at 100 ◦C for 45 mins. The Φ25.4 × 4 mm BK7 glass is used as 
the confined material. The aluminum films with a thickness varying 
from 30 to 80 µm are used as a laser absorption layer. When the 
aluminum film is not fully evaporated, it also acts as a confined layer. 
Two kinds of launchpads are considered. One contains a thin layer of 

Table 1 
Experimental parameters of the LIPIT.  

CaseNo. EL(J) R(mm) ELd(GW/cm2) p0(GPa) hAl(µm) hPDMS(µm) MP(µg) vP − E(m/s) 

1 0.064 0.4 2.33 1.54 40 \ 0.0113 364 ± 6 
2 0.063 0.3 4.08 2.04 40 \ 0.0113 473 ± 9 
3 0.046 0.3 2.98 1.74 40 \ 0.173 331 ± 5 
4 0.016 0.5 0.37 0.62 40 \ 1.388 129 ± 4 
5 0.554 1.7 1.12 1.07 80 \ 175.8 118 ± 5 
6 0.108 0.4 3.94 2.0 30 25 0.173 511 ± 10 
7 0.046 0.5 1.07 1.05 40 100 1.388 157 ± 3 
8 0.083 0.5 1.94 1.4 40 100 1.388 234 ± 5 
9 0.302 1.7 0.61 0.79 40 100 175.8 73 ± 3 
10 0.366 1.7 0.74 0.87 40 100 175.8 81 ± 3  

Fig. 2. Numerical simulation model of LIPIT. (a) Schematic of the numerical models. A 1/4 model is built due to the symmetries of the geometry and the pressure 
distribution. The shock pressure is applied on the top surface of the aluminum film. (b) Shock pressure histories on the aluminum film. Various shock pressure profiles 
at different laser power densities are analyzed based on the coupling model [29,39]. The FWHM of shock pressure is about 15 ns. (c) Stress-strain relationship of the 
PDMS film [55]. (d) Launch velocities for different mesh strategies, showing the convergency condition for the LIPIT with and without elastomer. 
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PDMS film covering the surface of the aluminum film, as shown in Fig. 1 
(b1), to attenuate the shock wave and protect the micro-projectile from 
the laser-induced shock wave, and the other does not use the PDMS film 
[23] as shown in Fig. 1(b2). 

A micro-projectile is placed directly on the aluminum film for the 
configuration without PDMS film. For the configuration with PDMS film, 
the PDMS film with a thickness varying from 25 to 100 µm is spin-coated 
on the aluminum film and then a micro-projectile is placed on the back 
free surface of the PDMS film. Four kinds of micro-projectiles are used in 
the LIPIT experiments, i.e. the aluminum micro-projectiles with 20 µm 
in diameter and 0.0113 µg in weight, the silica micro-projectiles with 50 
µm in diameter and 0.173 µg in weight, the silica micro-projectiles with 
100 µm in diameter and 1.388 µg in weight, and the steel micro- 
projectiles with 350 µm in diameter and 175.8 µg in weight. 

As the micro-particles with diameters ranging from 20 to 350 µm are 
very small, the surface adhesive forces of the micro-particles are 
adequate to attach the micro-particles to the PDMS or aluminum films. 

Five LIPIT experiments are carried out for each experimental 
configuration, i.e. with and without PDMS film, respectively. The details 
of the experimental parameters are listed in Table 1, where EL is the 
energy of a single laser pulse, R is the radius of the laser spot, ELd is the 
peak laser power density, p0 is the peak shock pressure calculated from 
Eqs. (1)-(3) [29,39], hAl is the thickness of the aluminum film, hPDMS is 
the thickness of the PDMS film, MP denotes micro-projectile’s mass, vP −

E represents the experimental launch velocity of the micro-projectile. 
The launch velocity is the velocity of the micro-projectile at the end of 
the acceleration stage during experiments. The measurement uncer
tainty of vP − E is introduced by the imaging system in each experiment. 

4. Numerical simulation 

To validate the scaling law and investigate the influence of the key 
dimensionless parameters as given by Eqs. (11) and (13), numerical 
simulation models of the LIPIT with and without elastomer film were 
built by using LS-DYNA Version 970 [52,53], which is validated by the 
LIPIT experimental results. 

4.1. Numerical simulation model 

The numerical simulation model of the LIPIT is shown in Fig. 2(a). A 
1/4 model is built to increase the computational efficiency due to 
symmetries of the geometry and the pressure distribution [24]. The 
symmetrical boundary condition *BOUNDARY_SPC_SET is applied on 
the lateral surfaces. The laser shock pressure is applied on the top sur
face of the aluminum film by using *LOAD_SEGMENT_SET. The whole 
model is meshed with hexahedral Lagrangian elements, and the loading 

area is finely meshed to ensure computational accuracy. The spatial and 
temporal distribution of the shock pressure is given as follows [29,39], 

p(t, r) = p(t)e− 2r2
R2 , (14)  

where p(t) represents the temporal distribution of the shock pressure, r 
denotes the distance from the laser spot center. According to the pre
vious studies [29,39,54], the shock pressure histories on aluminum film 
at different laser power densities are analyzed as given in Fig. 2(b). At 
the beginning, the shock pressure increases rapidly to the peak value 
during laser irradiation, followed by the long-term decay due to the 
cooling process of the plasma after the laser is switched off. It is worth 
noting that the shock pressure profiles will change if a different ab
sorption layer is employed due to different laser absorption coefficient 
and impact impedance of the material. 

The Johnson-Cook constitutive model *MAT_JOHSON_COOK [56], 
as given by Eq. (4), is employed to describe the mechanical behavior of 
the aluminum film, and the Mie-Grüneisen EOS *EOS_GRUNEISEN as 
given by Eq. (5) [54] is used to describe its volumetric compressibility. 
The related parameters of the aluminum film are listed in Tables 2 and 3 
[54]. It is to be noted that the Johnson-Cook constitutive model is 
generally applicable for loading rates up to 104 s− 1, beyond which the 
flow stress is underestimated by the Johnson-Cook constitutive model 
due to the transformation of the deformation mechanism from thermally 
activated dislocation motion to dislocation drag [57–60]. In the present 
study, the maximum strain rate near the shock surface of the aluminum 
film is around 105 ~ 106 s− 1, and it lasts for about 10 ns. With the 
laser-induced shock wave propagation in the aluminum film, the strain 
rate decreases quickly below 104 s− 1. After the stress wave transmits 
back and forth in the aluminum film several times, the aluminum film 
expands and accelerates the micro-projectile gradually. As the duration 
of the launch process of the micro-projectile is more than ten times the 
initial high loading rate duration, the underestimation of the flow stress 
in the initial loading duration has a slight influence on the launch ve
locity of the micro-projectile. As a result, the present numerical model 
can well predict the launch velocity when compared to the experimental 
results, indicating that it is reasonable to simulate the LIPIT process with 
Johnson-Cook constitutive model. In the future, we will try to modify 
the constitutive model under ultra-high strain rates to improve the 
simulation model. 

The Ogden Rubber constitutive model *MAT_OGDEN_RUBBER [61] 
is taken to describe the super-elasticity of the PDMS film under impact 
[45,46]. The related parameters of the PDMS film are fitted according to 
the measurement results [55] as given in Fig. 2(b) and listed in Table 4, 
where ρe is the density of the PDMS film, ve is the Poisson’s ratio of 
PDMS film. The densities of the aluminum, silica, and steel 
micro-projectiles are 2700 kg/m3, 2650 kg/m3, and 7830 kg/m3, 
respectively. The simulation cases without the PDMS film, i.e. cases 1 ~ 
5, are meshed with 55,366 hexahedral Lagrangian elements. The 
simulation cases with the PDMS film, i.e. case 6 and cases 7 ~ 10, are 
meshed with 92,227 and 125,737 hexahedral Lagrangian elements, 
respectively. The minimum element size of the models is one-fifteenth of 
the diameter of the micro-projectiles. 

4.2. Validation of numerical simulation model 

Firstly, the mesh sensitivity of the numerical model [62] is per
formed. Here, cases 4 and 5 for the configuration without PDMS film and 
cases 8 and 10 for the configuration with PDMS film are investigated for 
analyzing the convergency of element size, respectively. The simulated 
launch velocities of the micro-projectiles with different mesh strategies 
are shown in Fig. 2(d). It is clearly shown that for cases 4 and 5 the 
simulation results with 55,366 elements and with 108,982 elements are 
almost identical to each other, and for cases 8 and 10 the launch ve
locities with 125,737 elements and with 249,724 elements are nearly 
the same for each other, indicating the convergency of the element size. 

Table 2 
Material properties of the aluminum film [54].  

(GPa) vm Am (MPa) Bm (MPa) Cm nm 

72 0.34 200 426 0.0615 0.34  

Table 3 
EOS parameters of the aluminum film [54].  

(kg⋅m − 3) Cm0 (m⋅s − 1) S1 S2 S3 γm am 

2700 5164 1.34 0 0 2 0.46  

Table 4 
Material properties of the PDMS film [55].  

(kg⋅m − 3) ve μ1(MPa) α1 μ2(MPa) α2 

1230 0.45 0.146 − 3.162 − 0.131 − 3.599  
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Therefore, for cases 1 ~ 5, the models are meshed with 55,366 elements, 
and for case 6 and cases 7 ~ 10 the models are meshed with 92,227 and 
125,737 elements, respectively. 

Table 5 shows the experimentally measured velocities and the 
numerically simulated velocities of the micro-projectiles for cases 1 ~ 
10 as listed in Table 1. The maximum and average errors of the simu
lated velocities are 18.6% and 9.2%, respectively, when compared to the 
experimental results, validating the numerical simulation models. The 
experimental and simulated launch processes of cases 2 and 6 are 
depicted in Fig. 3(a) and (b), respectively. It can be seen that the 
simulated launch process involving the dynamic expansion of the 
aluminum film and the PDMS film and the detaching time of the micro- 
projectiles are in agreement with the experimental observation, showing 
the capability of the numerical models for predicting the LIPIT pro
cesses. It is to be noted that for LIPIT with PDMS film as depicted in 

Table 5 
Experimental velocities and numerically predicted velocities of LIPIT.  

Case 1 2 3 4 5 6 7 8 9 10 

Experiment (m/s) 364.0 473.0 331.0 129.0 118.0 511.0 157.0 234.0 73.0 81.0 
Simulation (m/s) 360.5 445.3 372.3 153.1 122.5 474.1 182.1 249.5 81.4 88.5 
Error (%) 0.9 5.8 12.4 18.6 3.8 7.2 15.9 6.6 11.5 9.2  

Fig. 3. (a1) Experimental and (a2) simulated launching processes of LIPIT without PDMS film (case 2 in Table 1), and (b1) experimental and (b2) simulated 
launching processes of LIPIT with PDMS film (case 6 in Table 1). The numerical simulation results agree with the experimental observation, showing the capability of 
the numerical models for predicting the LIPIT processes. 

Table 6 
Variables for validating the scaling law.  

Parameters Case 4 Case 4–1 Case 4–2 Case 7 Case 7–1 Case 7–2 

p0(GPa) 0.6200 0.3174 1.0713 1.0600 0.5427 1.8317 
S0 (mm2) 0.785 0.322 1.766 0.785 0.322 1.766 
t0(ns) 10.0 8.0 12.5 10.0 8.0 12.5 
ρm(g/cm3) 2.70 2.16 3.24 2.70 2.16 3.24 
Em(GPa) 72.000 36.864 124.420 72.000 36.864 124.420 
hm(µm) 40.0 32.0 60.0 40.0 32.0 60.0 
Am(MPa) 200.0 102.4 345.6 200.0 102.4 345.6 
Bm(MPa) 426.00 218.11 736.13 426.00 218.11 736.13 
Cm0(m/s) 5164.0 4131.1 6196.8 5164.0 4131.1 6196.8 
ρe(g/cm3) \ \ \ 1.230 0.984 1.476 
Ee(MPa) \ \ \ 1.310 0.671 2.264 
he(µm) \ \ \ 100.0 80.0 150.0 
MP(µg) 1.3880 0.2910 5.6214 1.3880 0.2910 5.6214  
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Fig. 3(b), the expanding PDMS film is flattening before 800 ns in nu
merical simulation. During the acceleration processes of the micro- 
projectile, a pit of the elastomer will be formed in the contact region 
with the micro-projectile due to the inertia of the micro-projectile, 
resulting in the flattening of the elastomer. As it is not obvious in the 
experiments, the possible reason should be the relatively small elastic 
modulus of the PDMS film used in numerical simulation when compared 
to that in experiments, which will be investigated in the future to further 
improve the computational accuracy of the numerical model. The pit 
should be more obvious for higher launch velocity, heavier micro- 

particle, and softer elastomer. With the continuous expansion of the 
elastomer, the flattening phenomenon will be disappeared as shown in 
Fig 3(b). 

5. Influence of dimensional parameters 

Based on the numerical simulations, the scaling laws as described by 
Eqs. (11) and (13) in Section 2 are firstly validated. The influences of the 
dimensionless parameters on the dimensionless launch velocity of the 
micro-projectiles are also analyzed according to the simulation results, 

Table 7 
Dimensionless parameters for validating the scaling law.  

Dimensionless quantities Case 4 Case 4–1 Case 4–2 Case 7 Case 7–1 Case 7–2 

Πv 0.0437 0.0446 0.0438 0.0304 0.0293 0.0299 
Πp 116.13 116.13 116.13 67.92 67.92 67.92 
ΠEm 116.13 116.13 116.13 67.92 67.92 67.92 
ΠS 0.0451 0.0451 0.0451 0.0451 0.0451 0.0451 
ΠAm 0.00278 0.00278 0.00278 0.00278 0.00278 0.00278 
ΠBm 0.00592 0.00592 0.00592 0.00592 0.00592 0.00592 
ΠI 89.95 89.95 89.95 52.61 52.61 52.61 
ΠMm 0.0167 0.0167 0.0167 \   
Πρ \ \ \ 2.195 2.195 2.195 
ΠEe \ \ \ 2.82 × 10− 5 2.82 × 10− 5 2.82 × 10− 5 

Πh  \ \ 0.4 0.4 0.4 
ΠMe \ \ \ 0.01436 0.01436 0.01436  

Fig. 4. Influences of the dimensionless parameters (a) ΠS, and ΠI, (b) Πp and ΠMe , and (c) Πh on dimensionless launch velocity Πv of micro-projectiles in LIPIT with 
elastomer film, respectively. 
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from which the specific dimensionless formulas are obtained, providing 
a method for predicting the launch velocities of micro-projectiles of 
LIPIT with and without PDMS. 

5.1. Validation of scaling law 

To verify the scaling law as given by Eqs. (10) and (12), the 
dimensionless parameters are kept constant, but the variables are 
changed arbitrarily in numerical models. Under this condition, the 

dimensionless launch velocity of the micro-projectile is expected to be 
the same. Therefore, additional cases 4-1, 4-2, 7-1, and 7-2 are simu
lated, and the related parameters are listed in Tables 6 and 7. Cases 4, 4- 
1, and 4-2 have different variables but the same dimensionless param
eters. Similarly, cases 7, 7-1, and 7-2 have different variables but the 
same dimensionless parameters. The simulation results of cases 4, 4-1, 4- 
2, and cases 7, 7-1, 7-2 are also shown in Table 7. The error is in the 
range of 0.3% ~ 3.7%, validating the scaling law as given by Eqs. (10) 
and (12). 

5.2. Influence of dimensional parameters of LIPIT with elastomer film 

There are five key dimensionless parameters of the LIPIT with elas
tomer film, i.e.ΠS, ΠI, Πp, ΠMe , and Πh. The influence of each dimen
sionless parameter on the dimensionless launch velocity Πv can be 
analyzed while keeping the other dimensionless parameters unchanged 
[63]. Fig. 4(a) shows the simulated influences of ΠS and ΠI on the 
dimensionless launch velocity Πv. It can be seen that Πv decreases lin
early with increasing ΠS, while it increases linearly with increasing ΠI. 

Fig. 5. Influences of the dimensionless parameters (a) ΠS and ΠI and (b) Πp and ΠMm on dimensionless launch velocity Πv of micro-projectiles in LIPIT without 
elastomer film. 

Fig. 6. Influences of the parameters (a) p0 and Mp, and (b) hm and S0 on launch velocity vp of micro-projectiles in LIPIT without elastomer film, showing a good 
agreement between the numerical simulation results and the predicted results. 

Table 8 
Optimal combination of parameters for the present LIPIT configuration.  

(m/s) hm (µm) p0 (GPa) Mp (µg) S0 (mm2) 

906.1 5 0.45 0.0014 0.785 
968.5 10 1.00 0.0014 0.785 
1011.4 20 2.10 0.0014 0.785 
934.4 30 2.95 0.0014 0.785 
844.6 40 3.55 0.0014 0.785  
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The influences of ΠS and ΠI on Πv can be described as 

Πv =
(
− 1.62 × 10− 2 ×ΠS + 9.08 × 10− 3), (15)  

Πv =
(
6.73 × 10− 5 ×ΠI + 6.66 × 10− 3). (16) 

Fig. 4(b) shows the influences of Πp and ΠMe on Πv. It can be seen that 
Πv decreases nonlinearly with increasing Πp, while it increases non
linearly with increasing ΠMe . The following relationships can be fitted 
according to the simulation results, 

Πv =
(
0.016 ×Πp

− 0.194), (17)  

Πv =
(
− 0.107e− 1

0.136 ΠMe + 0.107
)
. (18) 

The influence of Πh on Πv is given in Fig. 4(c), showing an expo
nential increase of Πv with respect to Πh. The relationship between 
Πvand Πh can be described as 

Πv =
(
− 0.018e− 1

1.152 Πh + 0.017
)
. (19) 

Assuming that the influence of each dimensionless parameter as 
given by Eqs. (15)–(19) are independent, and have the product form as 
follows within a certain parameter range, 

Πv = f1
(
Πp

)
f2(ΠS)f3(ΠI)f4(Πh)f5(ΠMe ). (20) 

According to Eqs. (15)–(20), the following empirical equation can be 
used to describe the relationship between the dimensionless launch 
velocity vpMp/p0S0t0 and the aforementioned five dimensionless pa
rameters of LIPIT with elastomer film, 

Πv =α
(
− 1.62 ×10− 2×ΠS+9.08 ×10− 3)( 6.73 ×10− 5×ΠI +6.66 ×10− 3)

(
0.016×Πp

− 0.194)
(
− 0.107e− 1

0.136 ΠMe +0.107
)(

− 0.018e− 1
1.152 Πh +0.017

) ,

(21)  

where α is a constant and determined as α = 2.19 × 108 with a margin of 
error of ± 0.14 × 108 by using the data in Fig. 4. According to Eq. (21), 
the launch velocity of the micro-projectile, vp, in case 6 as listed in 
Table 1, is calculated to be 477.4 m/s. The error of the prediction is 
6.57% when compared to the experimental result of 511 m/s, indicating 
the applicability of Eq. (21) for LIPIT with elastomer film in the present 
ranges of dimensionless parameters, i.e. ΠS = 0.024 ∼ 0.47, ΠI =

15 ∼ 72, Πp = 9 ∼ 380, ΠMe = 0.0001 ∼ 0.026, and Πh =

0.3 ∼ 3.5. Once the dimensionless parameters exceed the ranges, the 
empirical Eq. (21) should be revisited. From Eq. (21), higher dimen
sionless launch velocity could be achieved for the LIPIT with elastomer 
film by increasing the dimensionless parameters ΠI, ΠMe , and Πh and 
decreasing the dimensionless parameters ΠS and Πp. 

5.3. Influence of dimensional parameters of LIPIT without elastomer film 

Using the same procedure as in Section 5.2, the influences of ΠS, ΠI, 
Πp, and ΠMm on Πv are shown in Fig. 5. Similarly, the following empirical 
equation can be derived for LIPIT without elastomer film while 
assuming the influences of these dimensionless parameters are 
independent, 

Πv = β
(
− 0.278 × ΠS + 5.67 × 10− 2)( 1.54 × 10− 4 × ΠI + 2.94 × 10− 2)

(
9.90 × 10− 2 × Πp

− 0.173)
(
− 0.437e− 1

0.155 ΠMm + 0.437
) ,

(22)  

where β is a constant and determined as β = 1.21 × 104 with a margin of 
error of ± 0.056 × 104 by using the data in Fig. 5. According to Eq. (22), 
the launch velocity of the micro-projectile, vp, in case 1 as listed in 
Table 1, is estimated to be 355.3 m/s. The prediction error is 2.39% 
when compared to the experimental result of 364 m/s, indicating the 

applicability of Eq. (22) for LIPIT without elastomer film. From Eq. (22), 
higher dimensionless launch velocity could be achieved for the LIPIT 
with elastomer film by increasing the dimensionless parameters ΠI and 
ΠMm , and by decreasing the dimensionless parameters ΠS and Πp. 

According to Eq. (22), the relationships between the launch velocity 
vp and the peak pressurep0, the mass of micro-projectile MP, the thick
ness of the aluminum film he, and the effective loading area S0 are 
analyzed for LIPIT without elastomer as shown in Fig. 6, where the 
shaded areas are the error bars resulting from the fitting error of the 
parameter β. The numerical simulation velocity of the micro-projectile is 
also given, showing a good agreement between the numerical simula
tion results and the predicted results by empirical Eq. (22). From Fig. 6, 
higher launch velocity can be achieved by increasing the peak pres
surep0 and the effective loading area S0, and by decreasing the mass of 
micro-projectile Mp and the thickness of the aluminum film he. For 
higher shock pressure and thinner aluminum film, the aluminum film 
might be bursted under shock pressure, which will limit the launch 
velocity. Taking S0 = 0.785 mm2 (1 mm in diameter) and Mp = 0.014 µg 
(aluminum micro-projectile with 10 µm in diameter), the launch ve
locity of the micro-projectile under difference p0 and he are obtained by 
numerical simulations, from which the maximum launch velocity is 
obtained and the optimal combination of p0 and he are listed in Table 8. 
The velocity of the micro-projectile can reach ~1 km/s for the case of he 
= 20 µm, p0 = 2.10 GPa, MP = 0.0014 µg, and S0 = 0.785 mm2. 

6. Conclusions 

The paper aimed to develop a method for predicting the launch ve
locity of micro-projectile in LIPIT experiments. Therefore, the LIPIT 
experiments, dimensional analysis, and numerical simulation are con
ducted. The scaling laws with specific dimensionless formulas for LIPIT 
with and without elastomer film are obtained. The main conclusions can 
be drawn as follows. 

The key parameters that control the launch velocity of the micro- 
projectile in LIPIT with and without elastomer film are obtained 
through dimensional analysis. If keeping the materials unchanged, the 
scaling laws for the LIPIT can be attained. Under this condition, the 
dimensionless pressure Πp, characteristic thicknesses ΠS and Πh, 
dimensionless momentum ΠI, and dimensionless mass ΠMe are the five 
key dimensionless parameters for LIPIT with elastomer film, while the 
dimensionless pressure Πp, characteristic thickness ΠS, dimensionless 
momentum ΠI, and dimensionless mass ΠMm are the four key dimen
sionless key parameters for LIPIT without elastomer film. 

To validate the scaling law, the launch process of the LIPIT is 
investigated by LIPIT experiments and numerical simulations. The 
launch velocities of the micro-projectiles in the configurations with and 
without elastomer are measured under various parameter windows 
using a newly developed LIPIT system. Based on the experimental 
configuration, the numerical models are built. The results from the nu
merical modes are in good agreement with that from LIPIT experiments, 
indicating the capability of the numerical model for capturing the 
launch mechanism of LIPIT. Based on numerical simulations, the scaling 
laws of LIPIT are also validated. 

The influences of the key dimensionless parameters on the dimen
sionless launch velocity of micro-projectiles are obtained by using the 
validated numerical models. The results show that the dimensionless 
launch velocity of LIPIT with PDMS film increases with increasing the 
dimensionless parameters ΠI, ΠMe , and Πh, and with decreasing the 
dimensionless parameters ΠS and Πp. For LIPIT without PDMS film, the 
dimensionless launch velocity increases with increasing the dimen
sionless parameters ΠI and ΠMm , and with decreasing the dimensionless 
parameters ΠS and Πp. According to the simulation results, the empirical 
dimensionless formulas for LIPIT are obtained, providing a useful 
method for predicting the launch velocity. 

Overall, this paper presents experiments, dimensional analysis, and 
numerical simulation on the launch processes of LIPIT with and without 
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elastomer film. The scaling laws of launch velocity of LIPIT with relative 
thick metallic film are attained and validated for the first time, which 
can be used to predict the launch velocity of LIPIT. It can also be used to 
optimize the configuration of LIPIT to achieve high impact velocity. 
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Appendix 

I. Influence of micro-projectile diameter 

In the dimensional analysis and the numerical simulation, the micro- 
projectile is simplified as a mass point, and therefore, its diameter is not 
taken into account. Here, the influence of micro-projectile diameter is 
numerically investigated, as shown in Fig. A1. Under the condition of 
the same mass, the density of the micro-projectile is changed to realize 
different diameters of the micro-projectile. It is clearly shown that the 
launch velocity is almost the same for the micro-projectiles with the 
same mass but different diameters, indicating that the influence of 
micro-projectile diameter is negligible within the diameter range in the 
present study. However, under some extreme conditions, the diameter of 
the micro-projectile is comparable to the laser spot size, as shown by 
Veysset et al. [23] and Thevamaran et al. [64], the diameter of the 
micro-projectile should be taken into account for the derivation of the 
scaling law. 

II. Influence of deformation of micro-projectile 

In the present study, the micro-projectile is assumed as rigid, i.e. the 
deformation is not considered. If taking the micro-projectile as elasto
plastic material in numerical simulation, the micro-projectile will 
experience plastic deformation near the aluminum film’s contact region, 
as shown in Fig. A2. However, the launch velocity of the micro-projectile 
is almost identical to that in the rigid body model. In LIPIT, the deformed 
region will not contact the tested target. Therefore, the deformation of 
the micro-projectile will not affect the test results. As a result, the micro- 
projectile can be regarded as a rigid body in dimensional analysis and 
numerical simulation to simplify the problem and increase computa
tional efficiency. 

III Influence of the thermal softening of the Johnson-Cook constitutive 
model 

In the numerical simulation, the thermal softening effect of the 
Johnson-Cook constitutive model is not considered. To study the influ
ence of the thermal softening on the numerically simulated launch ve
locities of micro-projectiles, a numerical simulation (case 2) with the 
thermal softening effect of the Johnson-Cook constitutive model was 
performed. The initial temperature is 294.0 K. The melt temperature of 
the aluminum is 933 K. The thermal softening parameter of the Johnson- 
Cook constitutive model, m, is 1.7 [54]. The simulation results show that 
during the launch process the average increase of the temperature is 
about 9.2 K in the loading area of the aluminum film, and the maximum 
increase of the temperature of the aluminum film located at the contact 
region with the micro-projectile is about 132 K. The launch velocities of 
a micro-projectile with and without the thermal softening effect of the 
Johnson-Cook constitutive model are shown in Fig. A3. The launch ve
locity of the micro-projectile with the thermal softening effect of the 
Johnson-Cook constitutive model is 444.3 m/s, and the launch velocity 
of the micro-projectile without the thermal softening is 445.3 m/s, 
which is almost identical to that with the consideration of the thermal 
softening effects. Therefore, to improve the computational efficiency, 
the Johnson-Cook constitutive model without the thermal softening ef
fect is employed in the present study. 

Fig. A1. Simulated launch velocities of LIPIT (case 1 and case 7 in Table 1) 
with the same mass but with different diameters of the micro-projectile. 

Fig. A2. Launch velocities and deformation behavior of micro-projectiles in the 
rigid model and the deformable model in numerical simulations (case 2 
in Table 1). 
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