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ABSTRACT: A fused filament fabrication process is used for conversion of polyimide
aerogels into bicontinuous gyroid structures to obtain enhanced elasticity. A sacrificial
hollow mold in an inverse gyroid shape is first fabricated from high impact polystyrene
and is filled with the polyimide sol. After the sol−gel transition, the mold is dissolved in
a solvent to yield the gel structure of a gyroid shape. The gel is supercritically dried to
recover a free-standing aerogel structure with ultrahigh porosity (98.9%) and low bulk
density (0.0146 g/cm3). The bicontinuous gyroid structure of the aerogel offers
significant elasticity and high elongation at break compared to an otherwise brittle
monolithic aerogel of polyimide. The ability to create intricate aerogel structures opens
up a large potential in applications such as sensor housing and acoustic barriers of
arbitrary shape and size and load-bearing porous thermally insulating structures that
allow breathing.
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■ INTRODUCTION

Aerogels are known for their high porosity (>90%), with pore
sizes typically in the range of 10−200 nm and high surface
areas, up to 1000 m2/g. The first aerogels reported in the
literature were synthesized from silica by Kistler in the early
1930s.1 The small pores of silica aerogels (50−200 nm)
prohibit thermal transport through convection, resulting in low
thermal conduction properties. Thus, silica aerogels were
found suitable as thermal insulation materials for both the
construction and aerospace industries. However, both their
brittle nature and propensity for structural failure in the
presence of moisture limited the implementation of pristine
silica aerogels in commercial applications.
The aerogels synthesized from polymeric ingredients via the

sol−gel transition2 or thermoreversible gelation3 route present
almost equivalent surface area and porosity values when
compared to silica aerogels with large meso- and macropore
fractions. In addition, polymeric aerogels have the added
advantage of stronger mechanical properties. Polymeric
aerogels synthesized from a variety of materials such as
resorcinol−formaldehyde,4 syndiotactic polystyrene (sPS),5

poly(ether ether ketone) (PEEK),6 polyurea,7 polyurethane,8

and polyimide9 have subsequently been reported in the
literature. A large majority of polymeric aerogels are
synthesized from sol−gel processes, although aerogels of sPS
and PEEK have been synthesized by using the thermorever-
sible gelation process. In terms of shapes, aerogel articles have
been fabricated as monoliths,10 films,11 membranes,12 aerogel
foams,13−15 and microparticles.16,17 It is important to note that
literature on aerogel articles of complex geometrical shapes is

scarce due primarily to lack of appropriate fabrication
techniques and high cost of tooling to retrofit conventional
molding technologies.
As with silica aerogels, polymeric aerogels also find

applications in thermal insulation,18 with extended applications
in aerospace industries.19 The hierarchical meso- and macro-
porous structures of polymer aerogels were recently exploited
in pursuing other applications, e.g., in high efficiency filtration
of airborne nanoparticles.20,21 Zhai and Jana20 and Kim, Chase,
and Jana21 reported successful filtration of airborne nano-
particles using aerogels, achieving 99.9% efficiency and air
permeability values of the order of 10−10 m2. We contend that
rendering polymeric aerogels into articles of complex geo-
metrical configurations may yield certain interesting properties
and applications.
A number of complex three-dimensional (3D) structural

forms can be produced by injection molding22 and
lithography23 techniques. Some others, such as the bicontin-
uous gyroid structures, cannot be easily fabricated by the above
tools due to difficulties associated with mold removal and 3D
patterning.24 One may consider instead 3D printing technol-
ogy based on the layer-by-layer assembly approach25,26 which
allows for greater degree of control in pore architecture, pore
size distribution, and overall pore volume compared to
traditional fabrication methods, such as those based on
emulsion templating, porogen, and salt leaching techni-
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ques.27,28 As is demonstrated in the present work, the 3D
printing technology can be easily combined with systems
undergoing sol−gel chemical reactions to obtain highly porous
materials with hierarchical pores of a few tens of micrometers
down to a few tens of nanometers.
The hierarchical porous structures can also be fabricated via

the powder-based 3D printing method,29 e.g., by spraying a
liquid onto a powder bed. The powder/liquid pairing
undergoes either binding, chemical reactions, or crystallization
to yield a hierarchical structure. This method, however, suffers
from poor resolution and poor mechanical properties and is
restricted by such parameters as powder flowability, stability,
wettability, and reactivity to achieve stable free-standing
structures.30

Another pathway to create hierarchical porous structures is
3D printing of gels, also known as direct ink writing (DIW),
where a paste or a liquid is extruded and subsequently dried,
gelled, or sintered.31 In this case, the macrostructure porosity is
introduced and controlled via programmed movement of the
delivery nozzle, while the inherent macro- or mesoporosity of
the gel is ramified as macro- or mesopores in the final porous
structures. Mesoporous bioactive glass scaffolds, successfully
synthesized in this manner by Wu et al.,32 showed superior ion
and drug release profiles. Minas et al.33 used the DIW method
in conjunction with emulsion and foam templating to obtain
scaffolds with both micrometer and millimeter sized pores. Li
et al.34−36 also successfully fabricated eco-friendly cellulose-
based aerogels. However, this process is limited to only certain
material systems, i.e., material systems with low viscosity to
enable printing, yet possessing quick set times after printing to
ensure dimensional integrity of the resultant structures.37

Thus, it is apparent that processes such as DIW are limited to
simple geometries and narrow working windows determined
by the time scales of flow and that of cross-linking/setting
reactions. The potential for structure collapse after extrusion is
an additional limitation.33,38 In view of the above limitations of
DIW, the concept of 3D printing of hollow sacrificial molds
was considered in this present work.

The 3D sacrificial hollow molds can be printed by using the
stereolithography (SLA) technique from photopolymers
soluble in water or alkaline solutions.39−41 In this method,
polymers or polymer precursors, such as silicone or urethane
elastomers, are subsequently injected into the hollow mold and
allowed to cure. Finally, the cured structure is recovered by
dissolving the mold in NaOH solution.42 Conventional organic
solvents cannot dissolve the SLA printed parts due to their
chemically cross-linked nature. Instead, aggressive solvents
such as NaOH are needed to degrade the cross-linked network
and release the SLA printed mold, although aggressive solvents
such as NaOH solution can be detrimental to the gel
structures.43 The mold structure may also swell upon contact
with the monomer, thus impacting the resolution and the
mechanical properties of the sacrificial mold. These issues of
SLA methods can be circumvented by considering 3D printing
of sacrificial molds from a set of thermoplastic polymers. The
use of thermoplastic polymers allows the usage of a larger set
of solvents to dissolve the thermoplastic sacrificial molds
without damaging the internal gel structures.
In this work, a facile method was developed for fabrication

of hierarchical porous structures of gyroid shape with pores of
a few tens of nanometers to a few micrometers. A sacrificial
hollow mold of high impact polystyrene was printed directly by
the fused filament fabrication method. We contend that this
method may well serve as a platform technology for fabrication
of gel and aerogel structures of complex shapes not previously
achieved via customary tools such as injection molding or
lithography.44−46 The hollow bicontinuous gyroid mold of
high impact polystyrene was used to obtain mesoporous
polyimide gel of gyroid shape. The method adopted in this
work is not restricted to only the gyroid geometry. It allows
fabrication of aerogel metamaterials of arbitrary shape by
independently controlling both the macrostructure geometry
and the sol−gel chemistry.47−49 The ability to create intricate
aerogel structures, as exhibited in this work, opens up the
potential for aerogels to expand applications in sensor housing
and acoustic barriers of arbitrary shape and size and breathable

Figure 1. Illustration on preparation of gyroid molds. (A) Gyroid generation from eq 1 in K3DSurf. (B) volume generation by using Meshlab. (C)
Cross section of CAD models. (D) Printed molds with different feature thicknesses.
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porous materials of arbitrary shape that simultaneously offer
thermal insulation.

■ EXPERIMENTAL SECTION
Materials. Pyromellitic dianhydride (PMDA) was purchased from

Alfa-Aesar (Haverhill, MA), and 2,2′-dimethylbenzidine (DMBZ) was
purchased from Shanghai Worldyang Chemical Co. Ltd. (Shanghai,
China). Tris(2-aminoethyl)amine (TREN) cross-linker was pur-
chased from Sigma-Aldrich (Milwaukee, WI). Pyridine, acetic
anhydride, and acetone were purchased from Fisher Scientific
(Ontario, NY). N,N-Dimethylformamide (DMF) and dimethyl
sulfoxide (DMSO) were purchased from VWR International (Radnor,
PA). High-impact polystyrene (HIPS) filament was purchased from
MatterHacker (Foothill Ranch, CA).
Fabrication of Sacrificial Mold. A bicontinuous gyroid structure

was generated from an implicit equation (1)50 in K3DSurf:

x y y z z xsin cos sin cos sin cos 0+ + = (1)

The generated bicontinuous gyroid surfaces were subsequently
imported into Meshlab and converted into volume models.51 The
feature thickness of the volumes, defined as the width of the domain
in the gyroid shape, was varied in this step in the range of 3.4−6.0
mm. Several representative images with feature thickness varying from
3.4 to 6.0 mm are presented in Figure 1. The Meshlab models were
subsequently imported to Simplify3D, where the original filled model
was converted into the hollow and infilled gyroid objects. This was
achieved by controlling the density of infill of the model in

Simplify3D. For the hollow molds, a single extruder was used, while
a double extruder set up was used for the molds with the infill. In the
latter case, the secondary extruder was used to print the infill strands
in an alternating manner ensuring that there was always a gap between
the strands which could be subsequently filled by the precursor sol. In
addition, to prevent leakage of the sol from the molds, the extrusion
multiplier was set at 1.35 (distance between the strands), the outline
printing speed was set at 1950 mm/min, and the infill printing speed
was set at 3120 mm/min. The molds were printed with a Flashforge
Creator Pro (Zhejiang, PRC) printer using HIPS filaments. HIPS
filaments were specifically chosen as they were soluble in organic
solvents such as DMF but resistant to dissolution in solvents used in
polyimide synthesis, namely DMSO. A representative printing process
with and without infill is shown in Figure 1.

Preparation of Polyimide Sol. The polyimide precursor solution
(sol) was prepared at room temperature by mixing PMDA, DMBZ,
and TREN in DMSO as the solvent, as per the process outlined by
Teo and Jana.9 These dianhydride and diamine monomers were
selected for two reasons. First, the presence of aromatic rings in these
monomers along with the absence of flexible ether linkages is
expected to produce greater mechanical strength in the resultant
polymer backbone. Second, these monomers exhibit greater reactivity
compared to other types of dianhydrides and diamines used typically
in polyimide synthesis, thereby reducing the gel times.52,53 Fast gel
times were desired to minimize undesirable solvent evaporation prior
to the sol−gel transition. Briefly, PMDA and DMBZ, dissolved
individually in DMSO, were mixed with a magnetic stirrer at 1000
rpm for 2 min. This produced PMDA end-capped polyamic acid

Figure 2. Procedure for polyimide aerogel synthesis.

Figure 3. Synthesis of polyimide aerogel of gyroid shape through 3D printed hollow shells: (A) printed gyroid mold, (B) casted sol in mold, (C)
sol−gel transition, (D) mold removal process, (E) solvent exchange, and (F) supercritical drying. The outer cuboidal dimensions (length × width
× height) of the gyroid mold were 3 cm × 3 cm × 3 cm, respectively.
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oligomers. Subsequently, TREN, acetic anhydride, and pyridine were
added, and the solution was magnetically stirred for an additional 1.5
min. The addition of these chemicals promoted both the cross-linking
and chemical imidization reactions. A typical polyimide sol sample
with 6.7 wt % polymer concentration was prepared using 0.42 g of
PMDA, 0.42 g of DMBZ, 0.080 g of TREN, 1.33 g of acetic
anhydride, 1.25 g of pyridine, and 10.0 mL of DMSO. A higher than
stoichiometric amount of TREN cross-linker was used to obtain
appropriate gelation times and stiffer gels.9

Synthesis of Polyimide Aerogels. Once the sol was prepared, it
was transferred into a disposable syringe and injected into the 3D-
printed hollow mold. Typically, the sol takes about 27 min to
transition into a gel. In this work, the sol was left to cure for an
additional 24 h at room temperature to ensure that there was
sufficient time for the majority of the cross-linking reactions to take
place. After gelation, the mold was washed successively with DMF to
dissolve and remove the HIPS exterior shell. For more intricate
geometries, e.g., structures with infill or thin walls, sonication was
required to effectively dissolve the HIPS portions from the crevices of
the gel structures. In the next step, DMF solvent was removed from
the inherently porous structure of the polyimide gel by solvent
exchange with acetone. Note that DMF is not soluble in liquid carbon
dioxide used in supercritical drying of the gel. The polyimide gels
released from the mold were solvent-exchanged with acetone/DMF
solvent mixtures. The solvent exchange was allowed to proceed for 12
h before replacing the solvent mixture with gradually higher acetone
content. At the end, the samples were washed with 100% acetone for
an additional five times to ensure that residual DMF was removed
from the gel structure. The acetone-filled gels were subsequently
solvent-exchanged with liquid carbon dioxide and dried under
supercritical condition of carbon dioxide at 50 °C and 11 MPa
pressure. The process described above is illustrated schematically in
Figure 2. The images of actual sample in different stages of
preparation are presented in Figure 3.
The total time of fabrication of an aerogel sample, starting from

printing of the hollow molds to supercritical drying process, was ∼1
week. This is in line with typical time taken in synthesis of aerogels
with additional times contributed by 3D printing (∼1 h) and mold
release (∼2 days). The long preparation time is attributed to the time
needed for HIPS dissolution in the mold release step and diffusion of
solvent in and out of the mesoporous gel structure during the solvent
exchange step. It is noted that readily soluble mold materials or
smaller size specimens would significantly reduce the total time. The
preparation time can also be shortened using a sonication step.
Significant preliminary work was first conducted to determine the

optimal pairings of synthesis solvent, mold release solvent, bridging
solvent, and the materials for fabrication of the sacrificial molds. The
selection of synthesis solvent was found to be crucial. For example,
the synthesis solvent had to promote synthesis of the rigid gels
without causing dissolution or swelling of the gyroid shell of HIPS. As
presented earlier, DMF served as a solvent for removal of HIPS.

Figure 4 shows the dissolution rate of HIPS in DMF over time. Figure
4A shows that a large majority of HIPS (≈85%) was dissolved in 90
min. In view of this, molds were typically washed for 48 h to ensure
that all HIPS were dissolved and removed from the gel.

The mold release solvent DMF was selected due to its miscibility
with the synthesis solvent DMSO, which also reduced the interfacial
stress in the gel structure and prevented structural collapse and
shrinkage of the gel network during mold removal. The bridging
solvent, acetone, was selected for its miscibility with DMF, DMSO,
and liquid carbon dioxide.

This work primarily focused on process development to fabricate
intricate aerogel articles by considering the gyroid structures of
dimensions 3 cm × 3 cm × 3 cm as an example. The solvent and
polymer pairings were just one of multiple potential combinations.
We acknowledge that the process would involve large amounts of
solvents for manufacturing large size articles. In light of this, we
assessed the recyclability of the mold release solvent, namely DMF.
Figure S1 in the Supporting Information shows that a majority of
DMF could be recovered as the supernatant by centrifuging for 30
min the suspension obtained after dissolving the HIPS hollow shell
mold. The reclaimed DMF was reused.

Characterization of Polyimide Aerogels. IR. Infrared spectra
were collected on a Nicolet iS50 FTIR tridetector spectrophotometer
(Thermo Scientific, Waltham, MA).
TGA. Thermogravimetric analysis (TGA) was conducted under N2

with a Q50 thermogravimetric analyzer (TA Instruments, New Castle,
DE) using a heating rate of 20 °C/min, up to 800 °C.

Porosity and Pore Volume. Porosity was calculated from the
values of skeletal (ρs) and bulk density (ρb) as shown in eq 2. The
values of skeletal density were obtained by using a helium pycnometer
(AccuPyc II 1340, Micromeritics Instrument Corp., Norcross, GA).
Bulk density was obtained from the mass and volume of the aerogels.

porosity 1 100%b

s

ρ
ρ

= − ×
i

k
jjjjjj

y

{
zzzzzz (2)

Aerogel Morphology. The morphology of aerogels was studied by
using a scanning electron microscope (SEM, JSM5310, JEOL,
Peabody, MA) at an accelerating voltage of 5 kV and emission
current of 20 mA. A representative piece of fractured aerogel
specimen was mounted on an aluminum stub with carbon tape,
followed by sputter coating with silver (ISI-5400 sputter coater,
Polaron, London, UK).

Brunauer−Emmett−Teller (BET) Surface Area. The BET surface
area of aerogel specimens was obtained from N2 adsorption−
desorption isotherms at 77 K by using a Micromeritics Tristar II
3020 analyzer (Micromeritics Instrument Corp., Norcross, GA).

Compressive Modulus. The compressive modulus of the aerogel
samples was measured using an Instron 5567 tensometer (Norwood,
MA). A 1 kN load cell was used with a compression rate of 1.3 mm/
min. The compressive modulus of the aerogels was obtained from the

Figure 4. (A) Percent dissolution of HIPS with time. (B) State of HIPS filament in DMF after exposure for 0, 60, and 105 min.
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slope of the stress−strain curve at a low strain, typically from 0.01 to
0.05 mm/mm.

■ RESULTS AND DISCUSSION
Polyimide aerogel structure synthesized by using the
experimental method described above presented several
distinct features. First, the complex aerogel geometry exhibited
curved surfaces and recessed spaces. The method used in this
work allowed easy release of the gel specimens from the hollow
molds without damage. Second, the 3D-printed hollow molds
allowed creation of hierarchical porous structures with high
porosity. Figure 5 shows representative images of aerogels

along with their corresponding 3D printed hollow molds. In
this work, a low-cost, easily accessible fused filament printer
was used to establish the proof-of-concept, with extruded
strands of diameter 200 μm. We acknowledge that the
resolution of the printed hollow molds (and corresponding
aerogels) can be improved using a fused filament printer with
higher resolution. The surface roughness of the layer-by-layer
filament structure in the hollow mold can also be alleviated by
exposing the mold to acetone vapor as presented in Figure S2.
The aerogel specimens produced in this work exhibited both

high porosity and low density, characteristic of aerogels, as
shown in Table 1. For example, polyimide aerogel gyroids with
feature thickness of 3.4 mm (Figure 5D) had a bulk density of
0.0308 g/cm3 and a porosity of 97.7%. The bulk density
increased nearly linearly to 0.0534 g/cm3 as the feature
thickness was increased to 6.0 mm (Figure 5F). The increase
of bulk density also resulted in a reduction of porosity to 96.0%
due to an increase of feature thickness. The gyroids with infill
produced lower density and higher porosity than the normal
gyroids. This was expected as the infill strands of HIPS added
additional porosity to the structure after dissolution in DMF.
This same trend in porosity and bulk density is reflected for
the gyroids with infills, with the bulk density increasing from

0.0146 to 0.0322 g/cm3 and porosity decreasing from 98.9 to
97.6% for the same increase in feature thickness from 3.4 to 6.0
mm. The skeletal density was found to be consistent across all
samples, registering a value of 1.34 ± 0.056 g/cm3. This was
expected, as the skeletal density is determined by the chemical
composition and the thermodynamics of gelation, independent
of the macrostructure geometry. The images of corresponding
hollow molds are presented in Figure 5G−I.
Figure 6A shows the IR spectrum of the polyimide aerogel.

The presence of peaks at 730, 1380, 1716, and 1778 cm−1

indicates the presence of imide groups, while the lack of
significant peaks at 1620 and 3000 cm−1 indicates that the
majority of polyamic acid was chemically converted into the
imide functional groups. The TGA curve in Figure 6B shows
that synthesized aerogels had high thermal stability, character-
istic of polyimides. The polyimide exhibited a 5% weight loss at
443 °C, with the majority of degradation occurred at 550 °C.
At 800 °C, the char yield was 55 wt %.
The aerogels also exhibited a high surface area of 579 m2/g.

The high BET surface area and high porosity of the structure
are attributed to the fibrillar solid network structures of the
polyimide strands shown in Figure 7A. These strands had a
diameter of 14.3 ± 2.7 nm as estimated from the SEM images.
A type IV BET isotherm was observed as shown in Figure 7B,
indicating significant mesopores in the polyimide aerogel
structures.
We next looked at the mechanical properties of these gyroid

structures. Most of the aerogels exhibited similar stress−strain
curves typical of porous materials, as described by
Swyngedau.54 To elucidate this behavior, we turn to the
control aerogel sample, marked as the green curve in Figure
8A. This polyimide aerogel sample did not have complex
geometry. The compression stress−strain curve of the aerogels
can be divided into three broad regions. The first region,
defined as the region from 0 to 0.1 mm/mm strain, involves
the deformation of the aerogel structure, with the applied load
borne by the skeletal structure of the polyimide strands. The
second region is described by a plateau, characterized by the
region from 0.1 to 0.6 mm/mm strain, whereby the skeletal
structure was collapsed, and the pores of the aerogel structure
underwent compression. Once all the pores were compacted,
the stress−strain curve entered the third region. In the region
of strain >0.6 mm/mm, the stress increased drastically as the
applied load was carried by the compressed bulk polymer.
Comparing the stress−strain curves of the control sample

with that of the gyroid-shaped samples, we note some
differences in the stress−strain curves as shown in Figure 8.
First, the gyroid structures with feature thicknesses of 4.7 and

Figure 5. Polyimide aerogels (A−C) with infill and (D−F) without
infill. (G−I) Hollow molds used in fabrication of the gyroid aerogels.
The numbers in each of the figures refer to the feature thickness.

Table 1. Bulk Density and Porosity as a Function of Feature
Thicknessa

feature thickness (mm) infill bulk density, ρb (g/cm
3) porosity (%)

control 0.0749 94.4
3.4 no 0.0308 97.7
4.7 no 0.0431 96.8
6.0 no 0.0534 96.0
3.4 yes 0.0146 98.9
4.7 yes 0.0225 98.3
6.0 yes 0.0322 97.6

aThe top row (control) under “infill” column represents the hollow
shells, the middle rows represent no infills, and the bottom rows
represent specimens with infills.
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6.0 mm exhibit the same stress−strain behavior as the control
aerogel sample, with the three broad regions of deformation as
described above. However, the gyroid structure with the
feature thickness of 3.4 mm exhibited a brittle fracture at 0.2
mm/mm strain. This can be attributed to low bulk density of
0.0308 cm3/g and porosity of 97.7% of the structure. For this
reason, the compression tests were not conducted on the
samples with the infill, as their bulk density values were similar
to or lower than that of this sample. Next, the stress−strain
curves of specimens with 4.7 and 6.0 mm feature thicknesses
showed initial brittle fracture of the structure after the first
region. This is characterized by a drop in the stress value at the
0.06 mm/mm strain mark, before entering the second region

and subsequently plateauing out. This phenomenon was also
observed visually, with crack formation and propagation in
certain areas of the structure during the compression tests.
This partial brittle fracture can be attributed to the geometry
introduced through the gyroid structure, specifically to the
collapse of the macro-interstitial spaces between the curved
volumes of the gyroid. The second and third region of these
structures are similar to those exhibited by the control samples.
We next investigated the effect of feature thickness on

mechanical properties. The compressive modulus of the
aerogel samples was measured at low strain, in the first region
of the stress−strain curve. Figure 8B shows that the modulus
varies linearly with bulk density. For example, the control

Figure 6. (A) IR spectra and (B) TGA curve of polyimide aerogel.

Figure 7. (A) SEM image of polyimide aerogel structure. (B) BET isotherm of polyimide aerogel.

Figure 8. (A) Stress−strain curves and (B) compressive modulus vs bulk density of polyimide aerogels as a function of feature thickness.
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sample exhibited a compressive modulus of 5.85 MPa with a
corresponding bulk density of 0.0749 g/cm3, while the gyroid
structure with a feature thickness of 3.4 mm had a compressive
modulus of 0.626 MPa with a corresponding bulk density of
0.0308 g/cm3. The compressive modulus of specimens with
gyroid structures with increasing feature thickness shows a
linear relationship between the above two values. This result is
interesting in itself. For porous materials, the compressive
modulus typically scales exponentially with the bulk density
according to the Gibson and Ashby model.55 In particular,
porous materials follow a power-law relationship between bulk
density, ρb, and compressive modulus (E) as E ∼ ρb

α, with
foams exhibiting a value of α of 2, while for aerogels, a higher
exponent α of 3.6 is reported.56 In our research, the almost
linear dependence of modulus with bulk density translates into
an exponent value α of close to 1, significantly lower than the
reported values of α between 2 and 3.6. This result suggests
that the gyroid geometry does impart some advantage for load
bearing applications.57 An analysis of the origin of lower value
of α in this work is beyond the scope of the present report and
will be covered in a future study.

■ CONCLUSION
The work demonstrates that additive manufacturing tools can
be implemented in generation of aerogel structures with
complicated shapes, such as the bicontinuous gyroid aerogel
structures with curved surfaces and recessed spaces. The
compatibility of sacrificial molding process enables quick
fabrication of these structures through sol−gel chemistry that
allows for extraction of the gel without damage to the
structure. The 3D-printed aerogel structures show similar
porosity and bulk density as the monoliths, but the
compressive modulus varies proportionally with the bulk
density in contrast to bulk density exponent of 2.0 for foams
and 3.6 for aerogel monoliths.
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