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 A B S T R A C T

Impact from a fast-moving object is a common event, but it can vary greatly in terms of scale, speed, and 
energy depending on the specific case. Recently, it has been suggested that scaling analysis can be used to 
relate the impact performance of materials at the nano- and microscale to their behavior at the macroscale, 
which is relevant for most applications. In this study, we explore the broad applicability of this approach by 
conducting micro- and macroprojectile impact tests on polymethyl methacrylate and polycarbonate films. By 
applying Buckingham 𝛱 dimensional analysis to all the impact test results, we demonstrate that the minimum 
perforation velocity is directly related to the geometric and material properties of each system across a broad 
range of size and energy scales. Interestingly, we find that the failure stress of the polymer, a critical material 
property that defines perforation resistance, can be empirically determined based on the deformation of the 
specific impact test.
. Introduction

Most people do not need to worry about impact protection on a daily 
asis. Automobile windshields are designed to protect against road 
azards, such as pebbles and rocks that travel at velocities on the order 
f 20 m s−1 [1]. Aircraft and spacecraft can withstand projectiles such 
s debris or dust particles that impact these vehicles at significantly 
igher velocities [2,3]. These examples illustrate the variability in 
mpact energies associated with the various impact events because of 
ifferent projectile sizes and velocities. Fig.  1 illustrates examples of a 
ew impact events demonstrating the broad range of impact energies 
nd size-scale of the deformation.
Traditionally, understanding the impact performance of a material 

nvolves studying it with a macroscale projectile impact test, with 
arious projectile materials and sizes traveling up to 2000 m s−1, to 
dentify the critical velocity when perforation occurs [4,5]. However, 
hese tests are expensive, both in terms of the amount of material 
eeded and the time required to conduct them. To address these 
imitations and facilitate the discovery of new materials, laser-induced 
rojectile impact testing (LIPIT) has been developed as an alternative 
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means to study the impact performance of ultrathin materials. Here, 
microprojectiles impact ultrathin films with thicknesses, ℎ ≈ 50 nm to 
1 μm, and impact velocities ranging from 𝑣𝑖 ≈ 100 m s−1 to 1000 m 
s−1 [6]. This combination of high-velocity impacts and ultrathin sample 
thickness has enabled the characterization of the impact performance 
of a variety of materials [7–15] at deformation rates from ≈106 s−1 to 
108 s−1. Since LIPIT characterizes a material’s impact performance at 
the microscale, the critical question is whether the results translate to 
the performance of the same material at the macroscale.

Recent studies have addressed this impact performance question by 
applying various scaling analyses to connect either simulation to LIPIT 
results [16] or LIPIT to macroscale impact tests [15]. Buckingham 𝛱
theory, which involves relating physically similar systems together by 
arranging key variables into dimensionless quantities [17], has been 
utilized to connect the impact responses of polycarbonate (PC) from 
LIPIT to macroscale ballistic experiments [15]. A scaling relationship 
was developed between the minimum perforation velocity (𝑉0) and 
various geometric (film thickness, projectile size) and materials prop-
erties (failure stress of polymer, densities). The failure stress (𝜎f) of 
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Fig. 1. Examples of impact events in different materials across different energy and size scales. (a) Crater resulting from the collision of a meteorite with Earth [18]. (b) A cracked 
windshield of a car [1]. (c) Damage resulting from the impact of debris on the space shuttle window [3]. (d) A microparticle embedded into a polycarbonate thin film, captured 
in a microballistic impact study.
Source: Image adapted from [13].
the polymer, which scaled with both the projectile size and strain rate 
of the impact test, was shown to be an important material property 
dictating the impact performance of a material. However, questions re-
main over the general applicability of this approach and the underlying 
mechanisms that define it as impact performance is material-specific.

In this work, we address these questions by experimentally study-
ing the impact performance of polymethyl methacrylate (PMMA) and 
polycarbonate (PC) using both micro- and macroprojectile impact tests. 
Similar to PC, PMMA is a glassy amorphous polymer. However, PMMA 
typically exhibits more brittle mechanical behavior than PC during 
high-velocity impacts [4]. Thus, comparing these two polymers will 
allow us to gain insight into how a polymer’s material properties 
contribute to its impact performance.

2. Impact testing

2.1. Microprojectile impact studies

Microscale ballistic impact experiments were conducted using LIPIT
[13]. A schematic of the test is shown in Fig.  2a. In a typical test, a 
silica microprojectile of radius 𝑎p = 10 μm (microParticles GmbH) was 
launched via laser ablation from a launchpad comprised of a 20 cm 
× 40 cm glass coverslip substrate, with a 30 nm thick layer of gold, 
and a 30 μm, 40 μm, or 50 μm layer of polydimethylsiloxane. The 
microprojectile then perforated the polymer thin film at an impact 
velocity 𝑣𝑖 and exited the film at a residual velocity 𝑣𝑟. These velocities, 
measured via an ultrafast camera (Specialized Imaging Ltd, SIMD12) 
with 20 ns exposure time per frame and an interframe time of 300 ns, 
are used to calculate the energy dissipation of the film during the 
impact event based on a kinetic energy balance of an inelastic collision, 
as discussed below.

PMMA with a number average molecular mass of 267 kg mol−1 and 
polydispersity index of 1.3 was obtained from Polymer Source, Inc. 
2 
To prepare PMMA thin films for the LIPIT studies, the polymer was 
dissolved in toluene, and heated to ≈90 ◦C for ≈48 h. This solution was 
filtered using a 0.45 μm filter and then spin-coated at 157 rad/sec (1500 
rpm) onto a clean silicon wafer substrate. The film thickness, measured 
using an interferometer (LS-DT2, Filmetrics), was ℎ ≈ 367 nm. The 
films were then diced into 2 mm × 2 mm squares with a razor blade 
and floated off on a water bath. The diced PMMA films were picked 
up with transmission electron microscopy grids (PELCO, Tabbed 100 
mesh, Nickel, Ted Pella, Inc.), dried by wicking with a wipe, and used 
for the LIPIT measurements without additional processing. Additional 
details regarding the experimental setup for the LIPIT experiments for 
PC are located in Chen et al. [13]. We note that the LIPIT results for 
PC were obtained from a prior study [13].

2.2. Macroprojectile impact studies

Macroscale ballistic impact experiments were conducted using a 
stationary powder gun with a 1.27 cm internal diameter Mann bar-
rel at the Engineer Research and Development Center (ERDC). Flat 
sheets (25.4 mm × 25.4 mm) of PMMA with average thicknesses (ℎ) 
of 1.4 mm, 2.8 mm, and 5.4 mm were used. PMMA (General Optix 
by Plaskolite) was purchased from Curbell Plastics. The sample was 
secured to a frame by clamps before the experiment. To measure the 
impact (𝑣𝑖) and residual velocity (𝑣𝑟) of the projectile, a Phantom TMX 
7510 camera was used to film the entire impact event at 180,000 
frames per second. To study the effects of projectile properties on the 
impact performance, projectiles with two different radii, 𝑎p = 2.0 mm 
and 6.35 mm, were used. The 2.0 mm projectiles were either T4 2017 
aluminum (Al) with a density 𝜌p = 2790 kg m−3 or S2 Rockbit steel 
(St) with a density 𝜌p = 7790 kg m−3. The 6.35 mm projectiles were 
exclusively S2 Rockbit steel. Four-piece nylon sabots fit the various 
projectiles to the internal diameter of the rifle barrel. A separator 
plate, placed downstream from the gun, intercepted the sabot pieces 
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Fig. 2. Microscale and macroscale ballistic impact experiments used in this study. (a) Schematic depicting LIPIT instrument used for the microscale ballistic impact experiments. 
(b) Representative images of a LIPIT experiment showing the microprojectile before and after impacting the polymer thin film. The side-view images show the microprojectile 
moving from top to bottom. (c) Schematic depicting the powder gun setup used for the macroscale ballistic experiments. (d) Representative images recorded before and after the 
projectile impacting a 6.35 mm thick PMMA sheet. The side-view images show the projectile moving from left to right.
while allowing clear passage to the projectile. Measured quantities of 
N165 powder propellant controlled the impact velocity of the projectile 
package. A set of four chronographs measured the impact velocity and 
the effects of drag on the projectile. All macroscopic experiments using 
PC may be found in Callahan et al. [19]

3. Results

The results of the impact tests for both PMMA and PC are shown in 
Fig.  3. Fig.  3a is a plot of 𝑣2𝑟  vs. 𝑣2𝑖  for PMMA from both the micro- and 
macroprojectile impact tests for all the different geometric and material 
configurations. We find that 𝑣𝑟 < 𝑣𝑖 for all the tests, which indicates that 
energy is dissipated by the polymer during the impact event.

To determine the extent of energy dissipation and compare across 
the different energy scales, we fit the results using the normalized 
kinetic loss expression that characterizes the perforation event as an 
inelastic collision between the projectile and the polymer film [13,15], 

𝑣2𝑟 = 𝛼𝑣2𝑖 − 𝛾 (1)

where the parameters 𝛼 and 𝛾 are extracted from Fig.  3a and correspond 
to the slope and 𝑌−intercept, respectively. The parameter 𝛼 = 𝑚p∕(𝑚p+
𝑚) characterizes the projectile’s mass (𝑚p) relative to the system’s mass 
participating in the impact (𝑚p+𝑚). Here, 𝑚 is defined as the mass of the 
polymer film participating in the impact. The parameter 𝛾 = 𝐸d∕(𝑚p+𝑚)
is the energy dissipation (𝐸d) of the polymer film normalized by the 
system’s mass.

The 𝛼 and 𝛾 values from each test are summarized in Table  1. 
By substituting these values into Eq. (1), we calculate the expected 
residual impact energy (𝛼𝑣2𝑖 − 𝛾) as a function of impact velocity. 
By comparing the experimentally measured 𝑣2 with 𝛼𝑣2 − 𝛾 (Fig. 
𝑟 𝑖

3 
3b), we find that all data sets collapse onto a master curve without 
any adjustable parameters. Both micro- and macro-scale experiments 
follow Eq. (1) without the need for additional fitting parameters to 
account for scale differences. This is striking as the comparison is made 
across all the different impact test configurations where the impact 
energies span from nanojoules to kilojoules, as observed for micro- and 
macroprojectiles impact, respectively.

From these results, we can determine the minimum perforation 
velocity (𝑉0), which defines the critical impact velocity when the poly-
mer film completely arrests a projectile (𝑣𝑟 = 0). This parameter has 
been used as a parameter to quantify the impact performance of many 
different impact mitigating materials and is defined as [15], 

𝑉0 =
(

𝛾
𝛼

)1∕2
(2)

The 𝑉0 values for PMMA as a function of the size ratio of polymer to 
the projectile (ℎ∕𝑎p) are shown in Fig.  3c.

Fig.  3d summarizes 𝑣2𝑟  vs. 𝑣2𝑖  for PC from both the micro- and 
macroprojectile impact tests. We use the previously reported 𝛼, 𝛾, 
and 𝑉0 parameters, and the values are also summarized in Table  1. 
Similar to PMMA, the plot of 𝑣2𝑟  with 𝛼𝑣2𝑖 − 𝛾 (Fig.  3e) also shows that 
all PC data sets collapse onto a master curve without any adjustable 
parameters. We again use the minimum perforation velocity to evaluate 
the performance of PC films, and the results are shown in Fig.  3f.

4. Discussion

As shown in Fig.  3b and e, rescaling the impact energies for both 
the PMMA and PC systems demonstrates that we can compare the 
results for different impact testing methods, material types, and test 
geometries. The results in Fig.  3c and f show a positive correlation be-
tween the size ratio and impact performance for both polymer systems. 
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Fig. 3. Macroprojectile and microprojectile impact test results for polymethyl methacrylate (PMMA) and polycarbonate (PC). (a) Residual velocity squared (𝑣2𝑟 ) versus impact 
velocity squared (𝑣2𝑖 ) results for PMMA. The curves are fits to the data used to extract the 𝛼 and 𝛾 parameters. (b) Rescaling the impact results for PMMA using Eq. (1), which 
is the normalized kinetic energy loss expression that compares the impact across different energy scales. (c) Minimum perforation velocity 𝑉0 versus film thickness to projectile 
radius ratio (ℎ∕𝑎p) for PMMA. (d) 𝑣2𝑟 versus 𝑣2𝑖  results for PC. The curves are fits to the data used to extract the 𝛼 and 𝛾 parameters. (e) Rescaling the impact results for PC using 
Eq. (1). (f) 𝑉0 versus ℎ∕𝑎p for PC.
For PMMA, the minimum perforation velocity generally increases with 
increasing polymer film thickness or decreasing projectile size as the 
highest 𝑉0 ≈ 470 m s−1 for ℎ∕𝑎p = 2.71 was obtained from macroscale 
ballistic testing with an aluminum projectile. Surprisingly, the lowest 
minimum perforation velocity is not associated with the smallest size 
ratio, i.e., the microballistic impact testing using silica microprojectiles, 
thus suggesting that size nor mass ratio alone does not define impact 
performance. It is important to note this trend could be because the 
PMMA used for the different scale tests are obtained from different 
sources. Unlike the PMMA systems, the results for PC (Fig.  3f) show 
4 
a strong correlation between the geometry of the test configuration 
and performance; 𝑉0 increases with ℎ∕𝑎p, which suggests that impact 
performance improves with increasing PC film thickness or decreasing 
projectile size.

To understand how the various materials and geometric properties 
couple to define impact performance, we applied Buckingham 𝛱 di-
mensional analysis on the impact results for PMMA and PC. We use the 
Buckingham 𝛱 dimensional relationships defined by Evans et al. [15] 
to show that the minimum perforation velocity is a function of the 
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Table 1
Summary of materials parameters obtained from macroscale and microscale ballistic impact experiments.
 Material Thickness, ℎ Density, 𝜌 Proj. material Proj. radius, 𝑎p Proj. density 𝛼 𝛾 𝑉0  
 (mm) (kg m–3) (mm) (mm) (kg m–3) (m2 s–2) (m s–1) 
 PMMA 5.4 ± 0.11 1180 Aluminum 2 2790 0.059 13,052 467  
 PMMA 2.8 ± 0.11 1180 Aluminum 2 2790 0.40 75,382 432  
 PMMA 5.4 ± 0.05 1180 Steel 2 7790 0.66 77,363 342  
 PMMA 2.8 ± 0.14 1180 Steel 2 7790 0.77 31,624 203  
 PMMA 5.4 ± 0.13 1180 Steel 6.35 7790 0.86 8868 102  
 PMMAa 2.8 ± 0.16 1180 Steel 6.35 7790 0.83 351 21  
 PMMAa 1.4 ± 0.05 1180 Steel 6.35 7790 0.95 714 27  
 PMMAc 3.67 × 10–4 1180 Silica 1 × 10–2 2650 1 3661 61  
 PC 5.5 ± 0.03 1200 Aluminum 2 2790 0.32 57,199 425  
 PC 2.9 ± 0.05 1200 Aluminum 2 2790 0.63 97,561 394  
 PCb,c 1.61 × 10–4 1180 Silica 2.5 × 10–2 2650 0.58 1006 42  
 PCb,c 1.04 × 10–4 1180 Silica 2.5 × 10–2 2650 0.74 487 26  
 PCb,c 6.2 × 10–5 1180 Silica 2.5 × 10–2 2650 0.98 753 28  
a Not used for the Buckingham 𝛱 dimensional analysis.
b Parameters obtained from [15].
c Denote LIPIT experiments, the remaining ones are powder-gun experiments.
Fig. 4. Buckingham 𝛱 dimensional analysis of the micro and macro-scale ballistic impact data for PMMA and PC. Note that the data points marked with † were omitted from 
the scaling analysis.
geometric properties (𝑎p, ℎ) and materials properties (𝜌p, 𝜌, 𝜎f), 

𝛱1 =
𝜌𝑉 2

0
𝜎f

𝛱2 =
ℎ
𝑎p

𝛱3 =
𝜌
𝜌p

(3)

with, 

𝛱1 = 𝑐0𝛱2𝛱3 (4)

where 𝑐0 is a proportionality constant. As estimated from Fig.  4, the 
values for PMMA and PC are 𝑐0 0.47 and 1.31, respectively. These 
values suggest that 𝑐0 is not a universal constant and thus specific to 
the polymer. While the complex nature of a ballistic impact will depend 
on additional inelastic properties such as dissipation zone size, fracture 
toughness, etc, which are material-specific properties incorporated into 
𝑐 , our application of the Buckingham 𝛱 analysis aims to simplify such 
0

5 
details by identifying the primary parameter most crucial for impact 
performance.

The parameter 𝛱2 considers the importance of the volume of the 
polymer material (≈ 𝜋𝑎2pℎ) relative to that of the projectile (≈ 𝜋𝑎3p). The 
parameter 𝛱3 considers the importance of the density of the polymer 
material (𝜌) versus that of the projectile (𝜌p).

The parameter 𝛱1 defines the ratio of the impact energy of the pro-
jectile at the minimum perforation velocity (≈ 𝑉 2

0 ) versus the specific 
impact resistance of the polymer (≈ 𝜎f∕𝜌). It was previously suggested 
that the yield stress of the polymer (𝜎Y) is a good estimate of 𝜎f at 
these deformation rates [15]. This assumption is particularly suitable 
for brittle polymeric materials. We make a similar approximation of 𝜎f
for our materials.

The prior approach extrapolated 𝜎Y by developing a correlation 
plot between 𝛱1 and 𝛱2𝛱3. Here, we applied mechanical models from 
Kolsky bar testing of PMMA and PC, connected to the specific polymer 
dynamics, to experimentally determine 𝜎Y and incorporate these values 
into our Buckingham 𝛱 analysis. For PMMA, Acharya et al. related the 
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Fig. 5. Relationship between materials properties and impact performance. (a) Determination of the failure stress of PMMA and PC using Eqs.  (5) and (6), respectively. These fits 
are shown in dotted lines (b) Relating the minimum perforation velocity of PMMA and PC with the geometric and materials properties of the materials systems.
yield stress to the deformation rate (𝜀̇) as [20], 
𝜎Y ≅ 204𝜀̇0.085 (5)

For PC, Mulliken and Boyce established that the yield stress is related 
to the deformation rate as [21,22], 
𝜎Y ≅ 66𝜀̇0.074 (6)

Using these relationships, we determine the failure stress of PMMA 
and PC as a function of deformation rate. The deformation rate is 
approximated as 𝜀̇ ≈ 𝑉0∕2𝑎p [8,13,15]. The results are summarized 
in Fig.  5a, and suggest that the failure stress of PMMA is greater 
than PC across all the strain rates, which is consistent with prior 
studies that showed PC to exhibit significantly higher toughness than 
PMMA [23,24]. As can be seen in from the fits in Figs.  4 and 5b, using 
Eqs.  (5) and (6) to calculate 𝜎Y was successful.

It is perhaps surprising that the relationship between yield stress 
and strain rate holds at the strain rates studied here, up to three orders 
of magnitude greater than was previously established. However, this 
can be explained by understanding the underlying mechanisms that dic-
tate the mechanical behavior of these polymers. Using an Eyring-type 
yield model, Mulliken and Boyce proposed a rate- and temperature-
dependent mechanical model that connected the macroscopic mechan-
ical behavior to molecular origins that can be decomposed into the 
contributions of different molecular motions, each with their own 
unique rate and temperature dependence for both polymers [21].

At low strain rates or high temperatures, the 𝛼-relaxation, i.e. glass 
transition temperature (𝑇g), is the dominant process for energy dissipa-
tion in polymers. With increasing strain rate or decreasing temperature, 
the contribution from 𝛽 relaxation and other sub-𝑇g relaxations be-
comes more prominent. For PC, the 𝛽-relaxation is primarily associated 
with the molecular motions of the phenyl groups along the poly-
mer backbone [21]. Other molecular motions, such as rotations of 
methyl groups and cis-trans conformational changes of the carbonate 
groups, have also been suggested to contribute to the sub-𝑇g relax-
ations of PC [25,26]. Prior research has suggested that these molecular 
relaxations facilitate ductility in PC even below its 𝑇g [23].

PMMA also exhibits 𝛽-relaxation, and it has been shown that it 
is associated with the flipping of the ester group along the polymer 
backbone and methyl group rotations [27]. However, it is convoluted 
with the 𝛼-relaxation at high frequencies [21]. Dielectric thermal anal-
ysis (DETA) results, provided in the supplementary information, also 
show that the 𝛽-relaxation peak merges with the 𝛼-relaxation peak at 
frequencies >104 s−1. At higher testing frequencies, we expect that the 
molecular motions associated with the 𝛽-relaxation are coupled with 
6 
the 𝛼-relaxation. As such, the sub-𝑇 g relaxations do not appear in the 
DETA results for the frequencies and temperatures examined here. The 
unique combination of 𝛼- and 𝛽-relaxation in PC and PMMA determines 
their mechanical response in the experiments shown here. Although 
more work is needed, the DETA results would suggest that 𝛽-relaxations 
remain active for PC even at the higher test frequencies, which is 
consistent with the notion that PC is a tougher material compared 
with PMMA [23,24]. Additionally, we remark that 𝑉0 is a metric for 
quantifying the amount of impact energy the material can withstand. 
It does not describe the mode of failure or how the material dissipates 
the impact energy.

From the discussions above, it is clear that the yield stress, a 
surrogate for 𝜎f, of the material defines impact performance in a 
ballistic impact experiment. However, this property alone does not 
define overall impact performance and we can show this by rearranging 
Eq. (4). In doing so, we establish a relationship between the mini-
mum perforation velocity, a metric for evaluating impact performance, 
and the various materials and geometric properties that contribute to 
impact performance, 

𝑉0 =
(

𝑐0
𝜎f
𝜌p

)1∕2( ℎ
𝑎p

)1∕2
(7)

The results of this relationship are shown in Fig.  5b. Importantly, 
these results illustrate the various strategies for achieving similar im-
pact performance levels depending on the constraints of a particular 
application. Using the PC results as an example, we see that the 𝑉0
increases with increasing ℎ∕𝑎p, thus demonstrating that geometry is 
one approach to control impact performance. Alternatively, the failure 
stress of the material is another strategy to control impact performance. 
This is demonstrated when we compare the powder-gun results be-
tween PMMA and PC impacted by an aluminum projectile. Since their 
ℎ∕𝑎p ratios are similar, the differences in impact performance can be 
attributed to the relative differences in 𝜎f. As such, the 𝑉0 for PMMA is 
slightly greater than PC at similar values of ℎ∕𝑎p since the failure stress 
for PMMA is greater than PC.

5. Conclusion

In this work, we conducted experimental micro- and macroscale 
ballistic impact tests on polymethyl methacrylate and polycarbonate 
films using spherical projectiles of different sizes and films of different 
thicknesses. We demonstrated that the minimum perforation velocity, 
a metric used to assess impact performance, is related to the system’s 
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geometric and materials properties. Buckingham 𝛱 dimensional anal-
ysis was successfully applied to compare all the impact test results 
to understand the effects of energy scale, size scale, and materials 
properties on impact performance. We show that this scaling analysis 
can provide insight into different polymeric materials. Furthermore, 
it validates small-scale tests for screening a particular material for its 
impact mitigation properties.

Besides demonstrating that this methodology enables comparison of 
impact performance independent of the impact energy, from nanojoules 
to kilojoules, our results reveal that the strain-rate dependent yield 
stress of the polymer, which can be measured using other impact tests 
at much lower strain rates (<104 s−1), is a parameter that defines the 
perforation resistance for these materials at these ultrahigh strain rates.
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