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ABSTRACT: High strain rate stress wave dissipation is essential for protecting personnel and structures from damage
caused by shockwaves, which can lead to catastrophic failures in aerospace, defense, and automotive applications.
Developing advanced materials capable of efficiently mitigating these dynamic forces is crucial for enhancing safety
and durability. This study explores the development and evaluation of boronic ester crosslinked (BCN) gels for high
strain rate stress wave dissipation. The BCN gels were synthesized through free radical polymerization and crosslinked
via dynamic boronic ester bonds. These gels exhibit enhanced dissipation performance due to their unique ability to
undergo reversible bond dissociation. The BCN gels demonstrate superior energy dissipation capabilities compared to
conventional materials such as epoxy and polyurea, particularly at higher crosslinking densities. The gels possess self-
healing and reprocessing abilities, adding to their versatility for long-term use and damage recovery. The results
highlight BCN gels as a promising material for high-performance stress wave mitigation in dynamic environments.
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1. INTRODUCTION

The dissipation of high strain rate stress waves is critical for
protecting personnel structures, and devices in fields such as
aerospace [1,2], defense [3], and automotive industries [4].
Polyurea is widely recognized as an effective material for dis-
sipating high strain rate stress waves [5,6], though previous
studies have indicated that its performance could benefit from
further enhancement [7]. Dynamic covalent bonds have gar-
nered significant attention due to their potential mechano-
chemical functions, which enable effective pressure dissipation
through reconfigurable chemical structures [8]. Recent studies
have shown that boronic ester crosslinking in polydimethyl-
siloxane (PDMS) can enhance the dissipation of high strain
rate stress wave pressure via possible exchange reactions [9].
However, this approach has a significant drawback: while the
incorporation of boronic ester crosslinks into PDMS improves
energy dissipation, it also increases the material's stiffness. In
applications requiring shockwave protection, a lower modulus

material is often more desirable, as softer materials tend to
offer better flexibility and energy absorption [10].

Gel-type materials have emerged as a promising alternative
for high strain rate stress wave dissipation [11], owing to their
unique viscoelastic properties [12]. Unlike stiff solids, gel-type
materials exhibit a combination of solid-like and liquid-like
behavior, enabling them to dissipate energy through reversible
deformation [13]. This means that upon impact or dynamic
loading, these gels can deform to absorb energy and then
recover their original shape, making them highly effective at
reducing stress wave propagation. Additionally, their high
deformability allows them to accommodate large strains with-
out failure [14], which is critical in applications that involve
repeated impacts or dynamic forces.

Another key advantage of gel-type materials is their resis-
tance to fracture under dynamic loading [15]. The soft and
flexible nature of gels allows them to absorb and distribute
impact forces over a larger surface area, reducing localized
stress concentrations that could lead to cracking or failure.
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Furthermore, these materials are often biocompatible and
well-suited for interfacing with soft tissues and biological envi-
ronments [16], making them ideal for personal protective
equipment (PPE) and medical devices. Their tunable mechan-
ical properties, such as crosslinking density can be adjusted to
optimize the balance between softness and dissipation effi-
ciency [17], enabling tailored solutions for a wide range of
applications.

Herein, we propose a gel-type polymer system synthesized
via free radical polymerization, crosslinked through boronic
ester bonds. The goal of this research is to develop and eval-
uate gel-type materials with enhanced stress wave damping
performance. By optimizing the material properties via the
variation of crosslinking density, this study seeks to achieve
effective energy dissipation while maintaining the softness
necessary for various practical applications.

2. EXPERIMENTAL SECTION

2.1 Materials
The polymer backbone of the boronic ester crosslinked net-

works (BCNs) was synthesized using styrene monomer, 2-
hydroxyethyl acrylate (HEA), and benzoyl peroxide (BPO) as
the thermal initiator. Ethanol served as the solvent, and boric
acid was used to crosslink the polymer backbone chains. All
materials were sourced from Sigma-Aldrich. For the prepa-
ration of specimens for the laser-induced shockwave test,
high-purity aluminum (Al) pellets (99.999%, Taewon SCIEN-
TIFIC Co., Ltd.) were used to deposit thin aluminum layers on
the outer surfaces of the specimens. Additionally, Na2SiO3 sil-
icate solution was purchased from Daejung Chemical and uti-
lized for the confining layer.

2.2 Laser-induced shockwave test
To assess the performance of shockwave pressure dissipa-

tion, a laser-induced shockwave test was performed. The dis-
sipation efficiency was determined by measuring the peak
pressure response corresponding to varying input laser fluences.

In this experimental setup, a high-energy, lamp-pumped Q-
switched laser (λ = 1064 nm; CNI Lasers LPS 1064-L 700 mJ)
was directed onto an Al absorbing layer. A high-energy focus-
ing lens with a focal length of 150 mm was strategically posi-
tioned in front of the specimen to concentrate the laser pulse.
The presence of a Na2SO3 (sodium silicate) confining layer
facilitated the rapid expansion of the Al layer, generating a lon-
gitudinal stress wave, or shockwave. This compressive stress
wave propagated through the glass substrate and, upon reach-
ing the free surface, reflected back. The reflection induced ten-
sile stress in both the Al reflective layer and the glass substrate,
resulting in measurable displacement of the Al surface.

Out-of-plane displacements were quantified using a Michel-
son interferometer. The interferometric setup involved a
diode-pumped continuous laser (λ = 532 nm; Cobolt Samba)

directed towards a beam-splitting cube. One of the split beams
was focused onto a 200 nm-thick reflective Al film, while the
other beam was reflected off a stationary mirror. Upon recom-
bination at the beam splitter, the interference pattern was
directed to a photodiode detector (EOT ET-2030). The result-
ing voltage signals from the interferometer were captured by a
photodetector and subsequently digitized using a 2.5 GHz
oscilloscope (Tektronix, DPO 7254) operating at a sampling
rate of 40 GS/s.

2.3 Preparation of boronic ester crosslinked polymers
and gels

A preparation procedure for BCN-X-gel is to mix Styrene,
HEA, and Boric acid into a round-bottom flask equipped with
a magnetic stirring bar. The mass of each component is shown
in Table 1. Subsequently, Ethanol was added to the flask, and
the mixture was stirred for 5 minutes. Afterward, BPO
(2 wt%) was introduced into the flask and stirred for 12 hours
at 80°C. When the reaction is complete, the solvent is evap-
orated under vacuum to give the polymer (BCN-X). An excess
of ethanol was added to the polymer and stirred at 50°C for
12 hours. Excluding the precipitated material, the remaining
ethanol was separated to give BCN-X-gels containing 35 wt%
ethanol. For the measurements of shockwave pressure dissi-
pation, a 20 mg piece of cured BCN-gels was placed onto a
400 nm thick aluminum deposited glass substrate. A 50 μm
polyimide spacer was used to maintain the thickness of the
BCN-gel film. A second glass substrate, coated with a 400 nm
thick layer, was then placed on top, sandwiching the film
between the two glass substrates using with a gentle pressure
for an hour at room temperature, 25°C. BCN-gel specimen
was prepared without increasing temperature. Water glass
Na2SiO3 layer was spun cast with 1500 rpm for 45 seconds
before conducting the test.

2.4 Chemical and thermal characterization
The synthesized polymers and gels were characterized using

Fourier-transform infrared spectroscopy (FT-IR, iS20,
Thermo Fisher Scientific Inc), with spectra obtained in the
range of 4000 to 750 cm-1 in attenuated total reflectance (ATR)
mode to confirm the chemical structure. Differential scanning
calorimetry (DSC, DSC 250, TA Instruments) was employed
to assess the thermal properties of approximately 5 mg of the

Table 1. Chemical composition of BCN gels
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BCN polymers. The samples underwent three heating and
cooling cycles between -50°C and 110°C at a constant rate of
10°C/min. The glass transition temperatures (Tg) were deter-
mined during the second cooling cycle using Trios software. 

3. RESULTS AND DISCUSSION

3.1 Synthesis of BCN polymers and gels
The BCN polymers were successfully synthesized via free

radical polymerization, forming a stable crosslinked network.
The polymerization involved styrene, HEA and boric acid as
the crosslinker, resulting in boronic ester bonds that stabilize
the polymer structure. As shown in Fig. 1, these boronic ester
crosslinks were crucial in forming the final polymer network.
The process was confirmed through both FT-IR spectroscopy
and DSC, which verified the successful polymerization and
crosslinking.

FT-IR analysis confirms the formation of BCN polymers by
highlighting the disappearance of key functional groups in the
monomers. As seen in Fig. 2a, the spectrum of BCN-0.50
shows the absence of the C=C stretching vibration (~1632 cm-1)
present in the styrene and HEA monomers [18], confirming
the completion of the polymerization reaction. Additionally,
the reduction of the -OH peak (3400 cm-1~3500 cm-1) suggests
successful crosslinking via boronic ester bond formation
between boric acid and HEA. These spectral changes provide
direct evidence of both polymerization and crosslinking in the
BCN polymers.

The thermal properties of the BCN polymers were char-
acterized using DSC, revealing the impact of crosslinking den-
sity on glass transition temperature (Tg). Fig. 2b demonstrates
that the Tg decreases as the crosslinking density increases:
BCN-1.0, BCN-0.67, and BCN-0.50 exhibit Tg values of 48°C,
59°C, and 70°C, respectively. Interestingly, this trend is the

opposite of what has been observed in previously reported
elastomers, where higher crosslinking density typically results
in lower glass transition temperatures. We hypothesize that the
rigid styrene component plays a dominant role in determining
the Tg, outweighing the effect of crosslinking density. The
lower Tg values observed in more highly crosslinked systems,
particularly BCN-1.0, suggest increased flexibility and faster
segmental motions. This enhanced flexibility makes these
polymers well-suited for applications requiring efficient shock-
wave dissipation.

3.2 Self-healable and reprocessable gels
The BCN gels exhibit remarkable self-healing and repro-

Fig. 1. Synthesis of boronic ester crosslinked network (BCN) and
its proposed stress dissipation mechanism. The BCN is
synthesized via the polymerization of styrene, 2-
hydroxyethyl acrylate (HEA), and boric acid in ethanol
(35 wt%) as the solvent, with benzoyl peroxide (BPO) as
the thermal initiator at 80°C. The resulting material transi-
tions between a crosslinked state and a dissociated state
under applied pressure or temperature. The boric acid
facilitates dynamic crosslinking, enabling the network to
dissipate stress through reversible bond dissociation
under shock loading (ΔP)

Fig. 2. Chemical and thermal properties of BCN polymers. (a) FT-
IR spectra illustrating the polymerization of BCN materials.
The disappearance of the C=C bond peak at 1632 cm-1

confirms the successful polymerization of styrene and
HEA. Additionally, the disappearance of the O–H group
peak at 3400 cm-1~3500 cm-1 indicates the formation of
boronic ester linkages through crosslinking between
boric acid and hydroxyl groups in HEA. (b) Differential
scanning calorimetry (DSC) analysis showing the glass
transition temperatures (Tg) of BCN-1.0, BCN-0.67, and
BCN-0.50, measured at 48°C, 59°C, and 70°C, respectively.
The decreasing Tg values correspond to higher degrees
of crosslinking density in the BCN formulations 

Fig. 3. Self-healing and reprocessing capabilities of BCN-1.0-gels.
The BCN gels demonstrates excellent self-healing proper-
ties. After being damaged and split into two pieces, the
material can self-heal by simply pressing the pieces
together at room temperature (25°C) without the need
for external stimuli. Once healed, the gels can undergo
reprocessing under mild pressure, reshaping it into its
original form
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cessing capabilities, as shown in Fig. 3. After being damaged
and split into two pieces, the gels can fully self-heal at room
temperature (25°C) without requiring any external stimuli.
This self-healing process occurs by simply pressing the dam-
aged parts together, allowing the dynamic boronic ester cross-
links to reform and restore the material's structural integrity.
Additionally, once healed, the BCN gels can be reprocessed
under mild pressure, enabling them to return to their original
shape. These properties make BCN gels highly versatile for
applications requiring durability, repairability, and recyclabil-
ity, as they can repeatedly recover from mechanical damage
and be reshaped without losing functionality.

3.3 The generation and measurement of high strain rate
stress wave

The generation and measurement of high strain rate stress
waves were carried out using a laser-induced shockwave test-
ing setup, as illustrated in Fig. 4 and described in experimental
section. The testing apparatus (Fig. 4a) includes a high-energy
pulsed laser directed onto a specimen composed of a con-
fining layer, absorbing layer, and a reflective layer. The shock-
wave generated by the laser pulse is confined within the
specimen, inducing high strain rate stress waves that propagate

through the material. A Michelson interferometer, coupled
with a continuous laser, was used to capture out-of-plane dis-
placements caused by the shockwave, allowing precise mea-
surement of pressure dissipation. The resulting signals were
recorded via an oscilloscope and analyzed by Matlab codes.

The calibration setup (Fig. 4b) used a single substrate to
measure the input shockwave pressure. A 1 mm thick soda
lime glass substrate was employed as a reference material,
enabling accurate calibration of the system. The results of the
calibration tests (Fig. 4c) show a direct correlation between
input laser voltage and the average peak pressure generated
during testing. This calibration data validates the accuracy of
the pressure measurements and demonstrates the system’s

Fig. 4. Schematics of the laser-induced shockwave test and cali-
bration setup. (a) The apparatus for laser-induced shock-
wave testing includes a high-energy pulsed laser, a
confining layer, absorbing layer, and a sandwich-struc-
tured specimen with a reflective layer for measuring pres-
sure dissipation. The Michelson interferometer is used to
capture shockwave signals with a continuous laser setup,
interfacing with an oscilloscope. (b) Calibration test setup
with a single substrate specimen to measure input shock-
wave pressure. (c) Calibration results showing average
peak pressure as a function of input laser voltage, using a
1 mm soda lime glass substrate for reference. The data
illustrate the relationship between input laser voltage
and average peak pressure in the calibration tests

Fig. 5. High strain rate stress wave dissipation performance of
BCN gels. (a) Average peak pressure as a function of input
peak pressure for epoxy, polyurea, and BCN gels. BCN
gels with higher crosslinking density (BCN-1.0-gel)
demonstrate lower average peak pressures, correspond-
ing to enhanced pressure dissipation capability. (b) Per-
centage decrease in peak pressure relative to input peak
pressure for the different materials. BCN gels, particularly
those with higher crosslinking density, show superior
performance, with a greater percentage decrease in peak
pressure compared to epoxy and polyurea
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capability to generate controlled shockwaves for further mate-
rial testing. The average peak pressure obtained from the cal-
ibration setup, as shown in Fig. 4c, will serve as the input peak
pressure for evaluating the stress wave dissipation perfor-
mance.

3.4 High strain rate stress wave dissipation performance of
BCN gels

BCN gels exhibit superior dissipation performance com-
pared to epoxy as a composite matrix and polyurea as a bench-
mark material for the dissipation, particularly at higher
crosslinking densities. Fig. 5a shows the average peak pressure
as a function of input peak pressure for the various materials.
The results indicate that BCN gels with higher crosslinking
density, such as BCN-1.0-gel, consistently display lower aver-
age peak pressures. This suggests that the enhanced cross-
linking in these gels improves their capacity to dissipate stress
wave energy, leading to a significant reduction in the pressure
transmitted through the material. In contrast, epoxy and poly-
urea exhibit higher average peak pressures, reflecting their
lower efficiency in energy dissipation. 

The percentage decrease in peak pressure further highlights
the superior dissipation capabilities of BCN gels. As depicted
in Fig. 5b, the BCN-1.0-gel, followed by BCN-0.67-gel and
BCN-0.50-gel, shows a greater percentage decrease in peak
pressure compared to epoxy and polyurea. This trend con-
firms that higher crosslinking density results in better shock-
wave energy dissipation, which supports the hypothesis that
exchange or dissociation reactions of boronic ester bonds con-
tribute to the pressure dissipation. The exceptional perfor-
mance of the BCN-1.0-gel, with the highest percentage
reduction in peak pressure, underscores its potential for use in
applications requiring robust stress wave mitigation as a gel
state.

4. CONCLUSIONS

In conclusion, boronic ester crosslinked (BCN) gels have
demonstrated exceptional high strain rate stress wave dissi-
pation performance, surpassing traditional materials like
epoxy and polyurea. The dynamic nature of boronic ester
bonds likely enables effective energy dissipation through
reversible bond dissociation, especially at higher crosslinking
densities. This research also confirmed that increasing cross-
linking density enhances the gels' ability to mitigate the pres-
sure while maintaining their flexibility and softness.
Additionally, the self-healing and reprocessing capabilities of
the BCN gels further emphasize their potential for long-term
use in environments where mechanical damage is likely. These
findings suggest that BCN gels are a highly promising material
for applications in aerospace, defense, automotive, and other
fields requiring robust shockwave protection. Future research
could explore further optimization of the gel formulations and

their performance under different dynamic loading condi-
tions.
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