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ABSTRACT: Bottlebrush polymers, defined as polymers densely grafted with
polymer side chains, have gained much attention for their unique mechanical
properties. When cross-linked into a bottlebrush polymer network, these materials
exhibit moduli in the kilopascal range, significantly softer than conventional linear
polymer networks. The ability to access these “super-soft” materials creates exciting
opportunities in fields requiring biointerfacing or highly compliant materials, such
as tissue engineering, biomedical devices, and pressure sensors. Additive
manufacturing (AM), specifically vat photopolymerization (VPP), provides a
platform for the fabrication of a polymer network with precise and bespoke form
factors. However, challenges such as high resin viscosity and slow curing rates are
known obstacles for integrating bottlebrush polymer chemistry into VPP processes.
This study introduces a synthetic approach leveraging acrylamide-terminated
poly(dimethylsiloxane) (PDMS) macromonomers and cross-linkers for the VPP manufacturing of supersoft, solvent-free elastomers.
These siloxane-based resins exhibit both low viscosity and rapid photocuring, making them ideal materials for VPP. The cross-link
density can be directly controlled through formulation design, achieving storage moduli from 103 to 106 Pa, without necessitating
solvent or plasticizer as in conventional systems. The elastomeric response of the photocured materials is evaluated with
compression testing, reversibly accessing strains of up to 60%. The quality of the 3D-printed parts is confirmed via scanning electron
microscopy. This work offers a practical synthetic route to 3D-printable PDMS-based supersoft elastomers, with modulus values on
the order of soft tissue, for next-generation sensors and biointerfacing technologies.
KEYWORDS: poly(dimethylsiloxane), PDMS, bottlebrush polymer, elastomer, 3D printing, additive manufacturing,
vat photopolymerization, acrylamide

■ INTRODUCTION
Bottlebrush polymers are macromolecules composed of a main
chain (“backbone”) whose repeat unit contains a pendant
polymer chain (“side chain”).1 As such, these bottlebrush
polymers can have molecular weights >1 MDa, creating
challenges with their synthesis and characterization. Advances
in synthetic methods for the production of polymers with
bottlebrush architectures have led to a surge of interest in
integrating these novel materials toward engineering applica-
tions. One of the most notable attributes of bottlebrush
polymers is their ability to form supersoft networks when
appropriately cross-linked, with shear moduli in the single
kilopascal range at low cross-linking densities. Thus, the
stiffness of bottlebrush networks can be orders of magnitude
lower than that of conventional linear polymer networks,
where network strand entanglements impose a lower limiting
modulus (on the order of 1 MPa).2−6 Previous work has
shown that this remarkable property arises as a result of
reduced entanglement within the bottlebrush network as well
as the high concentration of network defects (dangling side
chains).7 The net result of these effects is a biomimetic
material with moduli comparable to soft tissue, as shown in

Figure 1. Researchers hoping to leverage this unique property
have explored the use of bottlebrush elastomers in applications
such as synthetic tissue,5,8 actuators,4 pressure sensors,9

implants,10 conductive elastomers,11,12 and 3D printing.13

There are three common synthetic routes to obtain
bottlebrush polymers: (1) grafting-to, where reactive polymer
chains add on to the pre-existing backbone;18−20 (2) grafting-
from, where side chain polymerization initiates from the
backbone initiation sites;21−25 and (3) grafting-through, where
polymers with terminal functional groups (i.e., macro-
monomers) polymerize to yield the final bottlebrush
polymer.6,9,13,26−29 Compared to the first two routes, the
grafting-through strategy ensures 100% grafting density by
prefunctionalizing all the side chains.30 As the grafting density
heavily influences the properties of complex structural
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polymers, the precise control afforded by the grafting-through
method makes it a more suitable choice for investigating
structure−property relationship.31 The most common specific
synthetic routes to generate bottlebrush polymers are (1)
ruthenium-catalyzed ring-opening metathesis polymerization
of norbornene-functionalized macromonomers followed by
subsequent cross-linking9,32−34 and (2) cross-linking of
monofunctional and telechelic macromonomers through
radical polymerization.35−37

Compared to traditional manufacturing methods, additive
manufacturing or 3D printing (3DP) enables an accessible,
versatile, rapid-prototyping platform with reduced material
waste.38 A variety of 3DP methods have been developed for
different classes of materials, including material extrusion-
based and vat photopolymerization-based systems for poly-
meric materials.39,40 A variant of extrusion-based systems is
direct ink writing (DIW), which involves the extrusion of
material from a nozzle positioned along three coordinate
axes.41 Bottlebrush polymers, which often have high molecular
weights and, thus, high viscosities, are more easily integrated
into extrusion-based systems. For example, direct ink writing
(DIW) ink viscosity typically falls between 102 and 106 mPa·
s.42 However, photopolymerization-based methods, such as vat
photopolymerization (VPP), have the added benefits of greatly
improved resolution, short processing times, and interlayer
adhesion with spatial and temporal control over photo-
polymerization.43 Conventional VPP resins must be low
viscosity for successful printing and are composed of acrylate-,
methacrylate-, or acrylamide-based monomer systems coupled
with a photoresponsive free-radical initiator.44 Given the
desirable properties that can be achieved with bottlebrush
polymers,45 integration of bottlebrush polymers into a VPP
manufacturing mode would enable the production of supersoft
elastomers with precise form factors and complex geometries.
Existing literature has demonstrated compatible resins for
manufacturing bottlebrush materials through both digital light
processing (DLP)36 and UV-assisted DIW.13

Here , we repor t acry lamide- te rminated poly -
(dimethylsiloxane) (PDMS) macromonomers and cross-link-
ers that enable fast and solvent-free bottlebrush network

formation via UV-initiated free-radical polymerization. The
synthesis of the major resin components is single-step, scalable
(34 g), and high yielding (83%). Compared with other photo-
cross-linked bottlebrush polymers,13,35,36 this chemistry affords
sufficiently low viscosity (<1 Pa·s) for easy processing while
maintaining rapid curing kinetics. Ultimately, 3D-printed
PDMS parts with supersoft and tunable shear moduli (106−
106) and high gel fraction (>85%) are demonstrated.

■ EXPERIMENTAL SECTION
Materials. Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide

(TPO, 97%) was purchased from TCI. Acryloyl chloride (≥97%),
potassium hydroxide, magnesium sulfate (≥98.0%), and chloroform-d
(CDCl3, 99.8%) were purchased from Sigma-Aldrich. Monoamino-
propyl-terminated poly(dimethylsiloxane) (MCR-A12, 2 kDa) and
aminopropyl-terminated poly(dimethylsiloxane) (DMS-A15, 3 kDa)
were purchased from Gelest. Chloroform (HPLC grade) and
dichloromethane (DCM) (ACS grade) were purchased from Fisher
Scientific. All compounds were used as received, except where stated
otherwise.
Characterization. Chemical composition data were collected with

1H nuclear magnetic resonance (NMR) spectroscopy performed in
CDCl3 on a Bruker Avance NEO at 500 MHz (23 °C) with a 5 mm
iProbe, with chemical shifts reported relative to residual solvent
signals. All rheology experiments were conducted on a TA
Instruments HR-30 rheometer. Photorheological measurements
were conducted using a 20 mm parallel plate geometry composed
of a disposable aluminum upper plate and a 20 mm quartz lower
optical plate, using an Omnicure S2000 high-pressure Hg lamp with
320−500 nm wavelength range as the light source. The irradiation
protocol for the photocuring experiments consisted of an initial 30 s
dark period followed by a 570 s exposure time (for a total experiment
time of 10 min) at an intensity of 11 mW/cm2�a radiometer was
used to confirm the UV light intensity. These measurements were
made in oscillatory mode at a 1 Hz frequency and a 1% strain, with
“Fast Sampling” enabled to better capture the rapid kinetics. An axial
force of approximately 0 N was maintained throughout the
experiment. Shear storage plateau moduli G( )N

0 were determined by
frequency sweeps in the linear viscoelastic region at a 1% strain. The
crossover times (determined to be where G′/G″ = 1) were
determined by using the “modulus crossover” analysis function in
TA Instruments TRIOS software. Viscosity was measured in a flow
sweep experiment using 40 mm stainless steel parallel plates.
Compression tests (cyclic and noncyclic) were conducted on the
rheometer with 20 mm stainless steel parallel plates in the
compression mode using a constant deformation rate of 1 μm/s.
Toughness values were calculated in Origin by integrating the area
under the curve using built-in functions. A Thermo Scientific Phenom
XL large-stage scanning electron microscope (SEM) under a
backscattering detector, 0.1 Pa vacuum and a 15 kV accelerating
voltage, was used for direct visualization of the surface and cross-
sections of the 3D printing specimens. Samples were sputter-coated
with a 6 nm thin layer of gold and mounted on aluminum stems using
carbon tape. The 3D printing was carried out using an Asiga Max X27
DLP printer with no modifications. Parts were printed using a 385 nm
UV source at an intensity of 21 mW/cm², a layer thickness of 50 μm,
and an exposure time of 5 s.
Synthesis of Mono Acrylamide-Terminated Poly-

(dimethylsiloxane) (PMDS-AA). The synthesis proceeded accord-
ing to standard Schotten−Baumann conditions from Sirrine et al.
(2018).46 Proton nuclear magnetic resonance (1H NMR) spectros-
copy in CDCl3 enabled determination of PDMS-NH2 actual Mn (1.7
kDa) after vacuum stripping of low molecular weight cyclic-PDMS
impurities. The PDMS-NH2 (Gelest DMS-A21, 60 g, 30 mmol) was
added to a 500 mL, two-necked, round-bottomed flask equipped with
a magnetic stir bar, air condenser (Findenser), and addition funnel.
After PDMS-NH2 was dissolved in 200 mL of DCM, 200 mL of
aqueous 1 N potassium hydroxide solution was added to the round-

Figure 1. Comparison of accessible modulus values for conventional
linear networks and bottlebrush polymer networks, with reference
values of relevant biomaterials.14−17
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bottomed flask. The reaction vessel was placed in an ice-water bath
and purged with nitrogen gas flow for 30 min. To the cooled flask,
acryloyl chloride (3.03 mL, 37.5 mmol) was added dropwise under
vigorous stirring. After 24 h, the organic phase was charged to a
separatory funnel and washed with brine solution (3 × 200 mL). The
organic layer was then passed through basic alumina and dried over
MgSO4 after which the DCM was removed with a rotary evaporator.
The final polymer was dried at 50 °C under a reduced pressure for
18 h. The isolated yield was 55.2 g (92%). The macromonomer
chemical structure and percent acrylamide termination were verified
with 1H NMR spectroscopy in CDCl3 (Figure S1).
Synthesis of Bis Acrylamide-Terminated Poly-

(dimethylsiloxane) (PMDS-bisAA). Similar to monoacrylamide-
terminated PDMS synthesis, 1H NMR spectroscopy in CDCl3
enabled the determination of PDMS-bisNH2 actual Mn (3.1 kDa)
after vacuum stripping of low molecular weight cyclic-PDMS
compounds. PDMS-bisNH2 (Gelest DMS-A15, 40.6 g, 13.5 mmol)
was added to a 500 mL, two-necked, round-bottomed flask equipped
with a magnetic stir bar, an air condenser (Findenser), and an
addition funnel. After PDMS-bisNH2 was dissolved in 135 mL of
DCM, 135 mL of aqueous 1 N potassium hydroxide solution was
added to the round-bottomed flask. The reaction vessel was placed in
an ice-water bath and purged with a nitrogen gas flow for 30 min. To
the cooled flask, acryloyl chloride (2.72 mL, 33.7 mmol) was added
dropwise under vigorous stirring. The workup procedure was identical
to the PDMS-NH2 macromonomer synthesis given above. The final
isolated yield was 33.5 g (83%). The cross-linker chemical structure
and percent acrylamide termination were verified with 1H NMR
spectroscopy in CDCl3 (Figure S2).
Preparation of Photocurable Resins. For each study, resins

were prepared in 2-dram scintillation vials comprising PDMS-AA and
PDMS-bisAA, totaling 1.00 g, in a specific molar ratio. To these vials,
10 mg of photoinitiator solution (3 wt % TPO in chloroform) was
added and homogenized by vortex mixing vigorously for 30 s. The
preparation of samples for VPP experiments was identical with that of
photorheology samples.

■ RESULTS AND DISCUSSION
Molecular Design and Synthesis. PDMS exhibits high

thermal and thermo-oxidative polymer stability with excellent
UV resistance and chemical inertness. Additionally, its high
segmental motion and low glass transition temperature
(approximately −120 °C) make PDMS a highly desirable
elastomer in a wide variety of applications.47 As such, it is an
ideal candidate for this work, aiming to achieve VPP of high-
performance elastomers. Similarly, acrylamide-functionalized
components would enable photocuring via radical-mediated
free radical polymerization (FRP), aided by the rapid kinetics
of acrylamide homopolymerization.48 This approach avoids the
use of reactive diluents, heat, and solvent (beyond the minimal
solvent necessary to dissolve the photoinitiator, as described in
the experimental section). To date, the use of acrylamide
chemistry to generate bottlebrush polymer elastomers via
photopolymerization remains unexplored.

The single-step synthesis of both the macromonomer and
cross-linker from commercially available monofunctionalized
amino-PDMS and difunctionalized amino-PDMS, respectively,
is shown in Figure 2. Biphasic Schotten−Baumann conditions
afford acrylamide-functionalized PDMS from aminopropyl-
terminated PDMS and acryloyl chloride. These conditions help
increase heat dissipation to prevent premature cross-linking
and facilitate the reaction workup by having the generated HCl
and acrylic acid to migrate to the aqueous phase for separation.
These conditions were also found to be scalable, successfully
synthesizing 55.2 g of macromonomer and 33.5 g of cross-
linker using a single-step reaction, and highly yielding

(affording 92% and 83% yield, respectively). Molecular weights
of 2 and 3 kDa were chosen for the macromonomer and cross-
linker. Conventional linear polymer melts exhibit molecular
weights of entanglement (Me) starting at 103 to 104 Da,49

above which their viscosity (before network formation) and
modulus (after network formation) increase drastically.
Conversely, polymers with bottlebrush architecture exhibit
suppressed entanglement (greatly increased Me) and reduced
viscosity relative to linear polymers of similar molecular
weights due to the large volume associated with each network
strand and the high concentration of network defects.50

Strategic choice of molecular weight for the bottlebrush
network precursors results in a resin that has sufficiently low
viscosity to be compatible with vat photopolymerization while
still exhibiting the unique properties of bottlebrush polymer
networks after photocuring.

While the NMR data suggest complete functionalization,
even small impurities can have dramatic effects on the curing
behavior. Primarily, trace amounts of difunctional impurities in
a monomer resin can result in gelation instead of the formation
of a polymer melt.51 Photorheology experiments were
conducted on both the macromonomer and cross-linker to
confirm the absence of gelation for the former and efficient
gelation for the latter, as further evidence of their successful
syn thes i s . In th i s ca se , TPO (dipheny l(2 ,4 ,6 -
trimethylbenzoyl)phosphine oxide) was chosen as a photo-
radical initiator to simulate the network curing during VPP. As
shown in Figure 3, upon UV irradiation both the macro-
monomer and cross-linker exhibit rapid increases in their
modulus values. In the case of only macromonomer (Figure
3a), there is no crossover, indicating that we are effectively
forming bottlebrush polymers that are neither cross-linked nor
entangled. This result confirms that the macromonomer is
behaving as expected. Complete polymerization of the
macromonomer was confirmed using 1H NMR spectroscopy,
as highlighted in Figure S3. Conversely, the homopolymeriza-
tion of the cross-linker is given in Figure 3b, showing a
similarly rapid rise in modulus but reaching significantly higher

Figure 2. (a) Functionalization of (3-aminopropyl)-terminated
PDMS to afford a monofunctional acrylamide-PDMS macro-
monomer. (b) Functionalization of bis(3-aminopropyl)-terminated
PDMS to afford a bifunctional acrylamide-PDMS cross-linker, with
conditions given in experimental methods. (c) 1H NMR of PDMS-AA
macromonomer and PDMS-bisAA cross-linker. All chemical shifts are
referenced to residual solvent peaks.
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values (nearing 106 Pa) and undergoing a clear G′/G″
crossover point. This sample represents the highest accessible
modulus for this resin system and, notably, approaches a
modulus value representative of conventional linear PDMS
networks. This crossover point marks the gel point of the
polymerization, when the viscoelastic response changes from a
viscous-dominated response to an elastic-dominated response,
confirming the formation of a percolating network. The
significant separation of G′ and G″ (over a decade) as well as
the formation of a flat plateau in G′ at long times indicates that
the sample is highly cross-linked.51 The chemical and
rheological characterization of the mono- and bisfunctional
PDMS confirm the synthesis of the bottlebrush network resin
components.

To explore the property space accessible with this method, a
series of samples were made with decreasing amounts of cross-
linker relative to the macromonomer. This is a facile way of
probing the effect of cross-linker density, which is known to
impact the properties of cross-linked networks. This is shown
schematically in Figure 4a, wherein the molar ratio of
macromonomer to cross-linker is systematically varied from
5:1 (moderately cross-linked) to 40:1 (loosely cross-linked);
the network formed solely from cross-linker in Figure 3b then
reflects the limit of maximum cross-link density. The curing
profiles of these various resins are shown in Figure 4b where it
can be seen that the G′/G″ crossover occurs rapidly in all
formulations, eventually reaching a plateau G′ value that
indicates complete conversion. Importantly, modulus values
have a known frequency dependence, so the equilibrium
plateau modulus G( )N

0 can be measured as the storage modulus
value at low-frequency deformation in a frequency sweep.51

The results of these experiments (Figure 4c) show a
monotonic decrease in plateau modulus with decreasing
cross-linker loading while maintaining a large separation
between G′ and G″. This is in agreement with rubber elasticity

theory, as the decrease in cross-linking density effectively
dilutes the concentration of elastically effective network
strands, resulting in a reduction in modulus.52−54

From the photorheology and rheology experiments, several
key parameters can be extracted for further analysis (Figure 5).
The first parameter, plateau modulus G( )N

0 , is particularly
important as it highlights a distinct feature of bottlebrush
polymer networks: modulus values below what is convention-
ally accessible for linear elastomers (approximately 0.5 MPa for
PDMS).9 With a molar ratio of 40:1 macromonomer to cross-

Figure 3. (a) Photorheology for neat PDMS-AA, showing a modest
increase in both storage and loss modulus with no crossover point,
indicating formation of a bottlebrush polymer melt. (b) Photo-
rheology for neat PDMS-bisAA, showing a significant increase in both
moduli with a clear crossover point, indicating formation of a cross-
linked polymer network.

Figure 4. (a) The network components can be formulated with
varying relative equivalents to directly control the cross-linking
density in the final polymer network. This can be seen in (b)
photorheology of a series of formulations shows rapid curing and
composition-dependent modulus values and (c) frequency sweeps in
the linear viscoelastic region (strain amplitude γ = 0.1%) to
approximate the equilibrium plateau modulus G( )N

0 .

Figure 5. Effect of cross-linker loading on various properties of the
photopolymerized bottlebrush resins are shown here, including (a)
the trend of increasing plateau modulus, (b) the trend of a decreasing
G′/G″ crossover time, (c) a uniform high gel fraction across all
loadings, and (d) the plateau modulus of cross-linked bottlebrush
networks with PDMS side chains but different backbone chemistries.
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linker, modulus values as low as 1.3 kPa can be achieved.
Conversely, if only cross-linker is used in the formulation, a
modulus value of 0.5 MPa is observed, approximating the
typical limit for linear PDMS networks. In the case of
conventional radically cured photoresins (typically acrylate-
based), the modulus limit is even higher, with values of G′ ≥ 1
MPa.55,56 To evaluate the suitability for additive manufactur-
ing, the G′/G″ crossover times were measured for each
formulation (Figure 5b). These times indicate the minimum
irradiation time necessary to transform the liquid resin to a
solid or gel-like material. For an efficient 3D printing method,
shorter cure times are desirable to minimize processing time.
For these resins, rapid crossover times (<10 s) were observed
across all tested formulations. The crossover time data reveal a
dependence on cross-linker loading, with higher cross-linker
loading resulting in faster cure times due to the necessary
conversion for network percolation decreasing with increasing
prepolymer functionality.57

As previously stated, bottlebrush polymers have the
advantageous property of reduced modulus as a result of
their unique architectural design. However, similarly soft
materials can be achieved with linear polymer networks
through the inclusion of a plasticizer or solvent in the network.
Therefore, to prove that the low modulus is truly a result of the
architecture and not of residual solvent or unreacted materials,
the gel fractions for photocured samples of each formulation
were measured in triplicate. These samples showed a uniform
gel fraction of approximately 90%, indicating that the network
curing is proceeding to high conversion with only minor
residual non-cross-linked bottlebrush. This evidence further
supports that the mechanical behavior of our bottlebrush
polymer networks is a result of their architecture and not of
residual solvent or unreacted plasticizer.

Lastly, we benchmarked our final modulus results against
similar radically cured PDMS-based bottlebrush networks
presented in the literature. This analysis is given in Figure 5d,
where moduli and cross-linking density data from literature
reports are plotted for comparison.35,58 A discussion of cross-
link density calculations and the tabulated values is presented
in the Supporting Information. All systems exhibit an
approximately linear correlation with a similar trend between
log G( )N

0 and log (cross-link density), holding true even at
dilute cross-linker loadings. The linearity at low cross-linker
loadings supports the claim that contributions from entangle-
ments in these bottlebrush networks are negligible. Further-
more, the magnitude of moduli in these cross-linked networks
is in reasonable agreement, reflecting the fact that each
network is primarily composed of PDMS, with the slight
disagreement between data sets being attributable to differ-
ences in bottlebrush backbone chemistry (e.g., acrylate versus
acrylamide backbones). Additionally, these results highlight the
significant role of side-chain chemistry (as opposed to
backbone chemistry) in dictating the modulus of the final
network. Overall, Figure 5d provides a quantitative under-
standing of the connection between formulation and
mechanical properties of PDMS bottlebrush systems.

To further probe the properties of these bottlebrush
networks, samples were evaluated via compressive strain tests
(Figure 6). As evident from the measurements, increasing the
cross-linker concentration in the formulation systematically
decreases the strain-at-break. This decrease reflects the
formation of stiffer and more brittle networks resulting from
the higher cross-linker density. Conversely, lowering the cross-

linker density enables higher ultimate elongations due to
improved molecular mobility within the network, while also
resulting in lower moduli and higher ductility.51 A toughness
value for each compressive failure is calculated from the area
under the stress−strain curve. The extracted parameters of
interest, including the calculated cross-link density as discussed
in the Supporting Information, strain-at-break, stress-at-break,
and toughness, are tabulated in Figure 6c. The softest
bottlebrush elastomer tested exhibited a compressive strain-
at-break of 65%, approximately the same as a poly(acrylamide)
(PAM) hydrogel with a similar modulus.3 Ultimately, it was
observed that while the modulus values are comparable to
other bottlebrush networks, the strains at break of these
samples are markedly lower than those prepared by more
controlled bottlebrush polymerization chemistry, i.e., Grubbs-
catalyzed ROMP15,59 and atom transfer radical polymerization
(ATRP).3,5

It is known that the mechanical properties of cross-linked
networks at high strains are sensitive to network topology.60

The use of free-radical polymerization (FRP) to form our
bottlebrush networks may be the cause of the relative decrease
in network elasticity compared to that of conventional ROMP-
based networks. The nature of controlled polymerizations
makes it possible to achieve a homogeneous cross-linked
network that more closely resembles an “ideal” network model,
limiting defects and improving toughness.61,62 On the other
hand, FRP-based network curing involves local initiation and
rapid propagation/termination, resulting in a network with
heterogeneously distributed cross-link densities, increased
network defects, and nonuniform segment distributions.63

We hypothesize that this difference in network formation
results in our acrylamide-based bottlebrush networks exhibit-
ing an order-of-magnitude lower toughness in comparison to
previously reported PDMS bottlebrush elastomers (∼0.2 MJ/
m3) despite having a similar modulus (∼2 kPa).3 Conversely,
when comparing to radically cured hydrogels of similar
modulus, we find that these bottlebrush polymer networks
exhibit higher toughness values.64,65 It is important to highlight

Figure 6. Compressive stress−strain experiments on PDMS-based
bottlebrush polymers, including (a) representative traces for each
formulation tested, (b) photographs of a sample during compression
testing, and (c) tabulated values summarizing the compression
experiments.
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that these bottlebrush elastomers do not contain any additives
or advanced toughening mechanisms to improve their
mechanical properties.66−68 As such, bottlebrush polymer
elastomers show great promise in expanding the toolkit of
accessible mechanical properties of synthetic polymer systems.
The compressive stress−strain data and cyclic compression
plots of different photoresin formulations are provided in
Figures S4−S7.

Zero-shear viscosity (η0) values of acrylamide-terminated
macromonomer and cross-linker as well as the 20:1
formulation of PDMS-AA and PDMS-bisAA for VPP are
given in Table 1. Water and glycerol are presented for

reference. It is apparent and intuitive that the 20:1 molar
formulation exhibits viscosity between PDMS-AA and PDMS-
bisAA (flow sweep data plotted in Figure S8). The viscosity of
a VPP resin limits the ultimate throughput of the process, with
more viscous resins requiring longer equilibration times
between layer exposures. As such, the practical upper limit
for VPP resin viscosity is typically reported as 5 Pa·s.69 It can
therefore be seen in Table 1 that both our resin components
and our final resin formulation are at least 1 order of
magnitude below this viscosity limit. The low viscosity of our
resins reflects the fact that the macromonomer (2 kDa) and
cross-linker (3 kDa) are both well below the entanglement

molecular weight of PDMS (34.5 kDa),70 thereby limiting
chain−chain interactions.

Having identified optimal resin formulations with high gel
fraction and supersoft modulus, we then demonstrated their
efficient 3D photopolymerization by fabricating objects with a
commercially available DLP printer (Asiga Max X27 DLP
printer). This printer is shown schematically in Figure 7a. The
parts were printed by using a 385 nm UV source at an intensity
of 21 mW/cm2, a layer thickness of 50 μm, and an exposure
time of 5 s for the best in-plane resolution. To demonstrate the
printing capability, a 2D template was printed as well as a 3D
pyramid (Figure 7b). SEM images of the surface and cross-
section of the 3D-printed parts are depicted in Figure 7c. The
printed parts have a relatively flat surface morphology with no
significant defects nor cracks. The DLP printing was conducted
in a layer-by-layer manner, and Moire ́ patterns are visible in
SEM images taken by further magnification. Cross-sectional
morphology of the printed parts confirmed the cured layer
thickness of ∼50 μm as predetermined, while the small
deviations may be attributed to UV light scattering during the
resin curing process. These results demonstrated the ability to
generate geometrically complex structures with good reso-
lution in a vat photopolymerization manufacturing mode
utilizing a bespoke bottlebrush network resin.

■ CONCLUSION
This study demonstrates the successful synthesis, character-
ization, and additive manufacturing of supersoft, solvent-free,
siloxane-based bottlebrush elastomers. By leveraging a low-
viscosity resin formulation optimized for VPP, we introduce a
new method for the 3D printing of bottlebrush polymer
networks. Investigating macromonomer-to-cross-linker molar
ratios in the formulation enabled precise control over network
properties, resulting in a wide range of tunable shear moduli
spanning from 106 to 103 Pa. This tunability arises from the
interplay between chain extension and cross-linking, driven by
the free radical polymerization of acrylamide groups. Photo-
rheological studies confirmed rapid curing kinetics with gel

Table 1. Zero-Shear Viscosity (η0) for Relevant Siloxanes,
Reference Materials, and a Representative VPP Resin of
PDMS-AA and PDMS-bisAA

Sample η0(Pa s)

Water 0.001
PDMS-AA 0.08
20:1 PDMS-AA:PDMS-bisAA 0.11
Glycerol 0.3
PDMS-bisAA 0.40
Sylgard 184 (mixed) 3.5
Sylgard 184 (base) 5.1

Figure 7. (a) Schematic of a commercially available VPP printer. (b) Images of the 3D printed PDMS-AA bottlebrush parts and their
corresponding 3D models. (c) SEM images of the surface and cross-sectional views of a 3D-printed part at varying magnification.
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fractions exceeding 85% across all formulations. Compression
testing revealed that the bottlebrush elastomers exhibit
remarkable softness and sufficient toughness, outperforming
traditional hydrogels of comparable moduli. This enhanced
mechanical behavior is attributed to the unique architecture of
bottlebrush polymers, which minimizes entanglement and
allows for higher molecular mobility. The compression tests
further highlighted the ability to fine-tune the material’s
elasticity and toughness.

Lastly, the successful fabrication of complex geometries
using a commercially available DLP printer underscores the
practicality of this approach. As confirmed by SEM imaging,
printed parts displayed excellent layer adhesion and maintained
their structure, demonstrating the feasibility of producing high-
resolution, supersoft elastomeric objects. Additionally, the
solvent-free nature of the resin formulation reduces the
environmental impact and simplifies processing, aligning with
sustainable manufacturing principles.

Overall, this work contributes to a broader understanding of
structure−property relationships in bottlebrush polymers and
highlights their potential as a versatile material platform for
emerging applications. The ability to fabricate supersoft,
solvent-free elastomers with tunable mechanical properties
and complex designs opens new avenues for developing
biomimetic materials, flexible electronics, and soft robotics.
Future work can build on these findings by exploring
additional polymerization chemistries and processing techni-
ques to further enhance the performance and applicability of
bottlebrush elastomers. Investigating these materials’ long-term
aging, biocompatibility, and environmental resistance is crucial
for expanding their utility. The innovations presented in this
study pave the way for the development of next-generation soft
materials with practical applications through AM.
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