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Abstract

®

CrossMark

Focused ultrasound (FUS) presents unique advantages for noninvasive localized heating, crucial
for controlled shape recovery in shape memory polymers (SMPs), especially in biomedical
applications. To enhance FUS-driven actuation efficiency, we propose boron nitride
(BN)-infused SMP composites (SMPCs) tailored for targeted biomedical interventions. Using
tert-butyl acrylate (tBA) and di(ethylene glycol) dimethacrylate as base materials, we integrated
BN fillers at varying concentrations (1, 5, and 10 wt.%). A thorough characterization was
carried out, including dynamic mechanical analysis, scanning electron microscopy, uniaxial
tensile testing, and swelling study. These results show that increasing the BN content improves
shape recovery efficiency significantly. Specifically, the 10 wt.% BN composites outperformed
plain SMP in terms of shape recovery ratio when activated with FUS, and the highest shape
recovery ratio can achieve 75%. However, higher BN content decreases crosslinking density and
stiffness, as shown by a lower Young’s modulus and glass transition temperature. This study
demonstrates the promise of BN-infused SMPCs for advanced applications in biomedical
application, where noninvasive spatiotemporal actuation of SMPs is required.

Supplementary material for this article is available online

Keywords: polymers, ultrasound, shape memory polymer, biomedical applications,

boron nitride, focused ultrasound

1. Introduction

Shape memory polymers (SMPs) have garnered extensive
attention in biomedical fields due to their unique ability to
return to a pre-determined shape when exposed to external

* Author to whom any correspondence should be addressed.
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further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

stimuli such as heat, solvents, magnetic fields, and focused
ultrasound (FUS) fields [1-6]. SMPs are lightweight, cost-
effective, and versatile [7-9], which makes them ideal can-
didates for various applications, including soft actuators and
robotics [10, 11], switchable adhesive for transfer printing
[12—15], aerospace [16], tissue engineering [17-19], and
biomedicine [20-23]. Based on their stimulus, SMPs can
be classified into chemo-responsive, thermo-responsive, and
photo-responsive categories [24—27]. Among these, thermo-
responsive SMPs are most widely used, due to their excel-
lent shape memory properties and the ability to precisely
tune their switching temperatures. Thermo-responsive SMPs
are typically activated by heat, which alters the material’s

© 2025 The Author(s). Published by IOP Publishing Ltd
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stiffness and molecular motion above a transition temperat-
ure, enabling shape recovery [28]. Compared to traditional
direct heating methods, FUS represents a novel and prom-
ising external stimulus with superior capabilities for noninvas-
ively achieving shape recovery. FUS induces localized heat-
ing, activating intermediate states in the material and enabling
controlled shape change [29-31]. The mechanism involves
focusing ultrasound into a small, targeted area on the scale of
millimeters, resulting in selective and precise heating of the
medium, which leads to partial or complete shape recovery
[30, 32]. Recently, FUS-actuated SMPs have been reported for
biomedical applications, such as stents, tissue scaffolds, drug
delivery systems, and orthopedic devices [33-35]. Despite
these advancements, developing efficient SMPs for remote
actuation remains a challenge, especially when it comes to
achieving full shape recovery within a few seconds [30, 36,
37]. Addressing these challenges is essential for advancing
SMPs for high-performance and practical uses.

Acrylate-based SMPs, with their biocompatibility [38, 39],
offer a promising candidate for biomedical applications. To
address the issue of recovery triggered by FUS, our group pre-
viously investigated the influences of the chemical composi-
tion on FUS-induced shape recovery in SMPs [37]. By syn-
thesizing SMPs using tert-butyl acrylate (tBA) as monomer
and di(ethylene glycol) dimethacrylate (DEGMA) as cross-
linker, we optimized the monomer-to-crosslinker ratio to
achieve a shape recovery ratio of approximately 20% after 20 s
of continuous ultrasonic exposure. Additionally, we explored
the benefits of pre-immersion in water for hydrophilic SMPs,
which significantly improved shape recovery efficiency under
FUS while reducing energy consumption [40]. Peng et al [41]
incorporated polystyrene into SMP networks to enhance the
recovery ratio, achieving nearly 100% shape recovery within
2 s under direct heating. Due to the increased viscoelasticity
from polystyrene, they also suggested that its addition could
enhance the material’s recovery ability after FUS exposure.
Despite these advancements, the performance of these SMPs
is still constrained by low recovery stress and slower recovery
times.

Incorporating fillers into SMPs is a widely used strategy to
enhance their mechanical and thermal properties [42]. Fillers
such as graphene sheets [43], hydroxyapatite nanoparticles
[44], carbon nanotubes (CNTSs) [45] and boron nitride (BN)
[46] have been shown to improve stiffness, recovery stress,
and thermal conductivity. Chen et al [47] demonstrated that
reduced graphene oxide (GO) nanofillers enhanced thermal
conductivity and reduced recovery times in epoxy-based
SMPs. Li et al [48] Integrated GO into liquid crystalline
polyurethane (LCPU) composites, resulting in a 1.78-fold
increase in tensile strength compared to neat LCPU, alongside
improved shape recovery speed. Qu et al [49] Incorporated
CNTs into polycaprolactone and thermoplastic polyurethane
fibers, which have enhanced both shape memory and strain
sensing performance, demonstrating the potential for multi-
functional applications. Among these fillers, BN is particu-
larly noteworthy due to its exceptional thermal conductivity
(~400 W(m-K)~1), high hardness, and large surface area [50,
51]. More importantly, several reports have shown that BN

exhibits favorable biocompatibility both in vitro and in vivo
[52-55]. Thus, BN not only acts as a rigid phase to improve
stiffness but also accelerates heat transfer, enabling faster and
more efficient shape recovery [56, 57], showing great poten-
tial for biomedical SMP composites (SMPCs). However, to the
best of our knowledge, no study has systematically investig-
ated the integration of BN into SMPs specifically for actuation
under FUS. This work addresses this knowledge gap by devel-
oping and characterizing BN-infused acrylate-based SMPCs
tailored for FUS-triggered applications. The synergy between
BN and FUS lies in BN’s high thermal conductivity, which
enhances the localized temperature rise generated by FUS,
enabling faster and more efficient shape recovery. This cap-
ability is particularly critical for biomedical use, where pre-
cise, minimally invasive, and rapid actuation is required. To
the best of our knowledge, this is the first study to demon-
strate and quantify the role of BN fillers in enhancing shape
recovery performance under FUS stimulation.

In this study, we synthesized BN-infused SMPCs and sys-
tematically characterized for their chemical structures, trans-
ition temperatures, and mechanical properties, as well as shape
recovery performance under ultrasound. This work presents
a benchmark strategy for developing next-generation SMP
composites optimized for remote, high-speed biomedical actu-
ation, laying the groundwork for future FUS-responsive smart
materials.

2. Materials and methods

2.1. Sample preparation

tBA, DEGMA, BN, and the photoinitiator 2,2-dimethoxy-
2-phenyl-acetophenone were purchased from Sigma-Aldrich
and used as received without further modification.

In a typical experiment, tBA (monomer) and DEGMA
(crosslinker) were first mixed at a weight ratio of 85:15,
followed by adding 1 wt.% photoinitiator into the solution.
The solution was then fully stirred for 20 min. BN was
then added to the prepared tBA-co-DEGMA (tD) solution at
weight ratios of 1:99, 5:95 and 10:90, and the mixtures were
further homogenized using an ultrasonic mixer for another
30 min.

Two types of shaping methods were studied in this work.
In the first method, the prepared solution was injected into a
mold composed of two glass slides separated by 1 or 2 mm
silicone rubber spacers, with the glass slides pre-coated with
Rain-X to facilitate mold release. The second type of shaping
method utilized a soft mold. The silicone material (Ecoflex 00-
50, Macungie, PA, USA) was used to fabricate molds by cast-
ing and curing the material in 3D-printed PLA molds (Prusa
i3 MK3, Prague, Czech Republic).

For both methods, the resultant solution was carefully
poured into the respective molds to shape the target samples.
The molds were then polymerized for 15 min using an 365 nm
UV light (with a 100 W Blak-Ray B-100 AP High Intensity
UV Lamp). After polymerization, the prepared samples were
post-cured and dried in a fume hood for 24 h. The entire syn-
thesis procedures are shown in figure 1.
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Figure 1. Schematic showing processing steps to prepare tD/BN composites.

2.2. SEM analysis of BN nanoparticles and TD/BN
composite

Scanning electron microscopy (SEM, JEOL IT-500 h)
with energy dispersive x-ray spectroscopy (EDS, Oxford
Instruments, AZtecLive Automated Microanalysis System)
was used to investigate the dispersion of BN within the com-
posites under 5 kV accelerating voltage. Prior to character-
ization, the fracture surfaces of all samples were coated with
a 7.0 nm layer of platinum/lead, using a sputter coater. Field
emission SEM (FESEM, FEI Quanta 600 FEG) was employed
to analyze the surface morphology and determine particle size
of BN nanoparticles.

2.3. Dynamic mechanical analysis

Dynamic Mechanical Analysis was performed to measure the
temperature-dependent storage modulus, loss modulus, and
tan delta, following ASTM D4065 standard [58]. The test
was conducted in dynamic mode using a TA-Q800 DMA (TA
Instruments) at a frequency of 1 Hz. Specimens with dimen-
sions of 20 mm X 5 mm x 1 mm were heated to 120 °C at
a rate of 2 °C min~!. The test was carried out under 0.1%
dynamic strain, with a preload force of 0.001 N and a force
track of 150%. To ensure repeatability, each composition was
tested at least three times (n = 3).

2.4. Tensile testing

The mechanical properties of each sample were measured by a
Tension/Compression Testing System (Instron 3340 Universal
Testing System), following the standard ASTM D638 [59]
and ASTM D3039 [60]. Tensile specimens of dog-bone
shape (Type I) with thickness of 3.2 mm were produced in

accordance with ASTM D638 and tested with a crosshead
speed of 10 mm min~! at room temperature (i.e. 25 °C).

2.5. Cross-linking density determination using swelling
experiments

A swelling test was conducted to determine the crosslink-
ing density of tD and tD/BN. Crosslinked polymers, although
insoluble in solvents, can exhibit a degree of swelling, which is
related to the polymer’s crosslink density. The Flory—Rehner
theory [61] provides a framework for analyzing the equilib-
rium swelling behavior. The crosslink density (v, mol cm™3)
is calculated using the following equation:

Pp Viln (1 —0p) + 0, + x 65
- 1
M V03

6]

here, p, is the polymer density before swelling, V is the
solvent molar volume (Vi =73.4 cm® mol_]), and x is the
Flory—Huggins interaction parameter, which quantifies the
interaction strength between the polymer and the solvent. It is
noted that for specific systems, such as acrylate-base polymer
system in acetone, precise values of x are not readily avail-
able in the provided sources. However, acetone is generally
considered a good solvent for many acrylate-based polymers,
suggesting that x is likely less than 0.5, indicating favorable
mixing and solubility. Here, we assume x is 0.5. Additionally,
(0, corresponds to the polymer’s volume fraction at swelling
equilibrium, and can be calculated as follows:

W
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Figure 2. (a) Illustration of the experimental setup; @ FUS transducer placed on the bottom of the tank; @ custom water bath; @ filament;
@ thermometer; ® immersion tank heater; ® sample holder. (b) Experimental HIFU setup.

where ps (=0.7857 g cmd) is the density of acetone, W is
sample’s initial weight, and Wy, is the swelling equilibrium
weight.

In this study, crosslink density was determined using
the equilibrium swelling method, following a stand-
ard ASTM F2214 [62]. Each sample, approximately
10 mm x 10 mm x 10 mm and weighing around 1 g, was
immersed in 15 ml acetone in glass tubes. Samples were peri-
odically removed, and the surface solvent was blotted using
filter paper. Equilibrium swelling was considered achieved
when the mass variation between consecutive measurements
was within 5 mg. From the equilibrium swelling data, the
crosslink density of was calculated.

2.6. FUS system configuration and shape memory testing
and FUS thermal effect

Figure 2 illustrates the configuration of the FUS system, com-
prising two main components: a FUS transducer and a sample-
holder module. The H-104-4A SONIC Concepts FUS trans-
ducer was positioned at the bottom of a water-filled tank, with
the water temperature maintained at 37 °C to simulate body
temperature. The ultrasound frequency was set to 500 kHz.
Recovery tests were conducted on flat film specimens measur-
ing S0 mm x5 mm X 2 mm.

First of all, the specimen was first heated to 75 °C in an oven
for 10 min and subsequently folded into an L-shape (6p = 90°)
for another 10 min. The folded specimen was air-cooled while
clamped, and the clamps were then released. Afterwards, to
verify that shape recovery was specifically triggered by FUS
stimulation, a control experiment was conducted. In this setup,
bent samples were submerged in a 37 °C water bath, but
without applying ultrasound. After then, FUS was applied to
actuate the specimen for 10 min. It is noted that the sample
bend had to be located on the focal point of the FUS trans-
ducer, as shown in figure 2.

During the recovery process, a digital camera recorded
the specimen’s shape evolution. Kenova (version 0.9.5, an
open-source project) [63] was used to process the recorded
video and output recovery angles (6;) at fixed intervals. This

approach allowed us to capture both the transient shape evolu-
tion and final deformation state of the SMP composites under
FUS activation. The recovery ratio (R;) was defined as the ratio
of the recovered angle (6;) to the initial folding angle (6y). To
minimize experimental errors, six runs for each sample were
conducted (n = 6).

2.7 FUS thermal effect

Thermal variations in the polymer filament exposed to FUS
were measured using a Teledyne FLIR A50 thermal imaging
camera. Due to the limitations of thermal cameras, which
are unsuitable for analyzing submerged objects, the sample
was suspended such that its lower surface was submerged
in water while the upper surface remained exposed to air.
Ultrasonic actuation was applied continuously for 60 s, with
thermal measurements extending to 180 s to capture the com-
plete thermal history. The data was analyzed using FLIR Tools
software.

3. Results and discussion

The morphology and structure of the BN used in this study
were examined using FESEM to assess particle shape, size,
and dispersion (see section 2.2 for details). SEM micrographs
(figure 3) indicated that BN particles predominantly exhibited
an irregular flake-like morphology. SEM micrographs of mul-
tiple samples were analyzed using ImagelJ software, followed
by statistical analysis of particle sizes. The results show that
the size distribution ranges from 100 to 400 nm and an aver-
age size of 201 £ 72 nm. The average thickness of the plate-
lets was estimated by measuring 20 particles oriented out-of-
plane. This platelet-like structure aligns with previously repor-
ted morphologies for hexagonal BN fillers [64].

The SEM analysis of composite samples containing 1, 5,
and 10 wt.% BN revealed a homogeneous dispersion of BN
platelets within the tD matrix at lower concentrations (1 and
5 wt.%), as shown in figures 4(a) and (c). However, at a higher
concentration of 10 wt.% BN, partial agglomeration of BN
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Figure 3. FE-SEM image of BN powder.

platelets was observed, likely due to the poor wetting and
high surface energy of the nanoparticles, leading to clustering
within the matrix. Such agglomeration can create stress con-
centration points, adversely affecting the mechanical integrity
and thermal performance of the composite [65]. These findings
align with previous studies indicating that higher filler load-
ings can lead to nanoparticle aggregation, which diminishes
the reinforcing efficiency and overall performance of polymer
nanocomposites [66]. Therefore, optimizing the filler content
is essential to balance improved properties with the challenges
of nanoparticle dispersion.

DMA curves obtained to examine viscoelastic behaviors
such as storage modulus (E’), tand, and T, of each tD and
tD/BN composites are shown in figure 5(a). The T, values
were determined to be approximately 82 °C for tD, 79 °C
for tD/BN_1, 74 °C for tD/BN_S5, and 70 °C for tD/BN_10.
Those T, ranges are significantly higher than body temper-
ature (~37 °C), ensuring that the materials remain in their
temporarily fixed shapes under aqueous and body-temperature
conditions prior to FUS activation. Figure 5(a) presents that
a notable reduction in T, was observed with increasing BN
content. The overall transition temperature can be adjusted by
incorporation fillers, which enhances the thermal conductivity
of SMPCs. As a result, the characteristic segments of these
SMPCs with fillers respond more quickly to the same heat
input compared to SMPs without fillers. Consequently, the
addition of fillers leads to a reduction in the transition temper-
ature of the composites [67]. This behavior is attributed to the
partial inhibition of crosslinking caused by BN, which intro-
duces steric hindrance and limits monomer mobility during
curing.

Uniaxial tensile tests on dog-bone-shaped specimens fur-
ther confirmed the mechanical impact of BN incorpora-
tion. The Young’s modulus decreased progressively with
increasing BN content, measured as 1.490, 0.815, 0.677, and
0.562 GPafor tD, tD/BN_1, tD/BN_5, and tD/BN_10, respect-
ively (figure 5(b)). From a biomedical perspective, such reduc-
tions in mechanical performance, particularly at higher BN

Figure 4. SEM images (a), (c), (e) and EDS graphs (b), (d), (f) of
(a) 1, (c) 5, and (e) 10 wt.% loadings of BN in tD.

loadings, may limit the material’s suitability for load bearing
or structurally demanding implant applications. However, for
applications where compliance and flexibility are desirable,
such as soft tissue scaffolds, drug delivery systems, or minim-
ally invasive actuators, this trade-off could be acceptable [68].
The possible reasons for mechanical response variation
were be investigated as followed by cross-linking density
determination using swelling experiments. It could be said
to be the main reason for the decrease in crosslink densities
[69, 70]. The crosslink density of tD and tD/BN composites
was analyzed using DMA and swelling experiments. The rub-
bery plateau modulus, observed in figure 5(a), correlates with
the degree of crosslinking in the composites. A higher rub-
bery plateau modulus indicates a denser crosslinked network,
while a lower modulus reflects reduced crosslinking. The res-
ults show a clear trend of decreasing rubbery plateau modulus
with increasing BN content, signifying a reduction in cross-
link density. The crosslinking density of each sample also was
measured using a swelling test. Table 1 summarizes the cross-
link densities, revealing a progressive reduction with increas-
ing BN content. Specifically, crosslink densities decreased by
9%, 31%, and 33% for 1, 5, and 10 wt.% BN, respectively.
The reduction in crosslink density can be attributed to
the steric hindrance introduced by BN particles, which dis-
rupts the polymerization and curing processes [64]. This effect
can interfere with monomer mobility and crosslinking effi-
ciency during curing. BN’s high aspect ratio and surface
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Figure 5. (a) DMA analysis; storage modulus versus temperature, and tan § versus temperature. (b) Stress—strain curves and (c¢) Young’s

modulus of tD and tD/BN composites.

Table 1. Cross-linking density when swollen at equilibrium.

Cross-linking density

Sample Density (g em ™) (x10™* mol cm™)
tD 0.922 1.345
tD/BN_1 0.9276 1.252
tD/BN_5 0.9492 1.022
tD/BN_10 0.9787 1.01

energy may also lead to localized aggregation, further lim-
iting the formation of a tightly crosslinked network [64].
The decreased crosslink density has several implications for
the material’s mechanical and thermal properties. Reduced
crosslinking leads to shorter molecular chains and looser net-
works, which increase local molecular mobility. This struc-
tural change results in composites with lower stiffness com-
pared to the neat tD matrix. Similar observations have been
reported for other nanofiller-infused polymer systems, where
reduced crosslink density correlates with a decrease in tensile
strength and Young’s modulus [71].

The shape recovery process of the SMP is illustrated in
section 2.6 and figure 2. First of all, control tests without FUS
activation showed negligible shape change when samples were
submerged in a 37 °C water bath, as shown in figure Sla in
the supplementary information, while figure S1b shows FUS
was a successful activation technique for SMPCs. This res-
ult confirms that the shape recovery observed in FUS-treated
specimens was indeed induced by ultrasound. What is more,
as depicted in figure 6(a), increasing the BN content in the
SMP significantly enhanced the shape recovery ratio under
FUS activation. Notably, the inclusion of 10 wt.% BN led to
a remarkable improvement, achieving a shape recovery ratio
of 75%. These findings underscore the efficacy of FUS as a
powerful activation technique for SMPs, particularly due to
its ability to generate a pronounced thermal effect localized to
the target region.

The enhanced performance can be attributed to the syner-
gistic interaction between FUS energy and the thermal con-
ductivity of the BN-filled SMPCs. FUS generates localized
heat through the absorption of acoustic energy by the poly-
mer matrix. This energy arises from viscous shearing caused
by the focused mechanical waves of FUS, which is then effi-
ciently transferred as heat throughout the SMP matrix [72].

The high thermal conductivity of BN further accelerates this
heat distribution, facilitating rapid and uniform shape recovery
[73]. Additionally, the improved shape recovery ratio at higher
BN content highlights the critical role of filler incorporation in
enhancing the thermal response of SMPCs. However, achiev-
ing a balance between filler dispersion and content is crucial,
as agglomeration at elevated BN concentrations could poten-
tially hinder recovery efficiency.

To gain deeper insights into the shape recovery mechan-
ism under FUS activation, thermal analysis of the samples
was conducted. Figure 6(b) illustrates the equilibrium tem-
perature achieved during FUS activation. As expected, the
thermal effect was most pronounced in the sample containing
the highest BN filler content, while tD exhibited the lowest
temperature increase. It is noted that the equilibrium temper-
atures measured in section 2.6 do not reflect the actual tem-
peratures during the shape recovery under FUS. It is because
of the limitations of current thermal imaging setup (Teledyne
FLIR A50), which is not suitable for measuring temperat-
ure changes in submerged environments; consequently, real-
time thermal data could not be acquired [74]. The elevated
thermal response in the BN-filled composites is attributed to
the enhanced thermal conductivity of the BN platelets, which
facilitated rapid and efficient heat transfer within the poly-
mer matrix. The observed thermal behavior aligns with the
viscoelastic nature of polymers. When subjected to ultrasonic
waves, the polymer chains experience alternating stress due to
forced vibrations. This dynamic action generates internal fric-
tion, causing energy dissipation. In viscoelastic materials, the
energy absorbed from mechanical waves divides into two com-
ponents: one part is released as heat, and the other is stored as
elastic deformation within the polymer chains. The efficient
conversion of ultrasonic energy into heat explains the tem-
perature rise observed in the FUS-exposed samples. The gen-
erated heat raises the material’s temperature above its activ-
ation temperature, triggering shape recovery. Therefore, the
incorporation of BN allowed lower-level acoustic power to
achieve the activation temperature, thereby minimizing the
risk of internal damage to the polymer. These findings align
with previous reports demonstrating the effectiveness of BN
as a thermally conductive filler in polymer composites. Rybak
et al [75] discussed the enhancement of thermal conductiv-
ity in SMPs through the incorporation of BN, highlighting
its role in improving heat management in electrical insulation
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Figure 6. (a) Average variation of shape recovery ratio in each sample with BN weight ratio from 0 to 10%, with error bars showing
standard error. (b) Highest temperature in each sample during 5 min of FUS actuation.

applications. Yang et al [76] investigated polyurethane com-
posites filled with BN, highlighting its potential in thermal
management. They noted that BN’s superior thermal conduct-
ivity and insulating properties make it an ideal filler for devel-
oping thermally insulating polymer composites. Collectively,
these studies support the conclusion that BN fillers enhance
the thermal response of SMPs under FUS activation, facilitat-
ing efficient shape recovery through improved heat generation
and distribution.

Overall, to balance shape memory properties with thermal
responsiveness and mechanical performance, it is essential to
identify optimal BN concentration. In this study, 5 wt.% BN
appears to be the optimal concentration, offering a favorable
trade-off: it significantly enhances shape recovery while pre-
serving acceptable mechanical strength. This balance makes it
a promising formulation for further biomedical applications.

4. Conclusion

Our study successfully demonstrated the production of BN-
infused SMPCs with excellent shape recovery qualities fol-
lowing FUS activation. The addition of BN greatly enhanced
the thermal conductivity of the SMP matrix, resulting in
faster and more efficient shape recovery. The incorporation of
10 wt.% BN significantly enhanced the shape recovery ratio,
reaching 75%. This remarkable improvement highlights the
potential of BN fillers in optimizing FUS-triggered actuation,
particularly beneficial for biomedical applications requiring
rapid, precise, and minimally invasive interventions, such as
drug-delivery systems, deployable biomedical devices, and
smart implants. Comprehensive analyses revealed that BN
incorporation reduces crosslinking density and stiffness due
to steric hindrance and disrupted curing processes. These
effects were evident in the decreased Young’s modulus and
T, observed in DMA and tensile testing. Despite these trade-
offs, the enhanced viscoelasticity and thermal responsive-
ness of BN-filled composites make them highly suitable for
applications requiring flexibility, precision, and rapid thermal

response. Moreover, given the intended biomedical use, future
research will include systematic evaluations of biocompatibil-
ity and biological properties (such as cytotoxicity, hemocom-
patibility, and inflammatory response) alongside optimization
of BN content and filler dispersion strategies to balance mech-
anical properties with clinical safety and functionality.
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