
European Polymer Journal 180 (2022) 111575

Available online 24 September 2022
0014-3057/© 2022 Elsevier Ltd. All rights reserved.
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A B S T R A C T   

This paper reports a new method of functional metamaterial structure fabrication based on ultra-porous aerogel 
skins introduced on the surfaces of solid tetrakaidecahedron lattices obtained via 3D-printing tools. The solid 
tetrakaidecahedron lattice shapes are first fabricated from acrylate resin systems using a stereolithography 
printer. The lattice is then coated with a skin of polyimide gel via sol–gel reaction process, post-curing, and 
solvent-aging. The aerogel skin is recovered from the gel using supercritical drying. The lattice is found uni
formly coated with polyimide aerogel skin as confirmed from examination of surface morphology via scanning 
electron microscopy and X-ray tomography imaging. The concept is extended to coatings by silica and Kevlar 
aerogel systems. The mechanical and thermal properties of the resultant materials and a set of applications are 
discussed.   

1. Introduction 

The unique structural organizations render conventional materials 
into shapes with architectural and aesthetical attributes often with un
usual properties [1]. In this context, the current focus on metamaterials 
research is timely. Metamaterials do not exist in nature and must be 
architecturally synthesized to derive many extraordinary physical 
properties from their unique geometrical shapes, instead of more con
ventional approach based on material compositions [2,3]. The desired 
unique properties are often achieved via patterning certain shapes at a 
controlled length scale using photolithography, [4] electron-beam 
lithography, [5] ion-beam lithography [6], and nanoimprint lithog
raphy [7]. In the past decade, metamaterials research primarily focused 
on mechanical metamaterials buoyed by the success of additive 
manufacturing technologies enabling the fabrication of unconstrained 
architectures derived often from imaginary designs [3]. 

Re-entrant [8–10] and hexagonal [11,12] lattice structures are 
popularly studied because of their exceptional acoustic absorption and 
strong mechanical properties via control of the Poisson’s ratio. Tradi
tionally used manufacturing techniques such as micromachining often 
suffer from the loss of precision in fabrication of lattice structures [10]. 
However, the advent of additive manufacturing enables fabrication of 
3D lattice structures with the strut-and-node arrangements that help 
realize the full intrinsic properties of lattice structures. Models with 
complex architectures are now tangible, courtesy to the innovative 

additive manufacturing tools [3]. 
A category of metamaterials with outstanding synergetic perfor

mance can be manufactured by rendering functional material coatings 
onto 3D-printed solid metamaterial architectures. Schaedler et al. [13] 
introduced a method of solid metal-electroless nickel plating on to 3D 
sacrificial template and observed unique mechanical functions from the 
resultant metamaterial structures such as complete shape recovery after 
compression at high strains, high energy absorption capability, and a 
quadratic scaling relationship between Young’s modulus (E) and density 
(ρ), E ~ ρ2. Gao et al. [14] produced metal-sputtered mechanical met
amaterials with enhanced mechanical properties such as higher specific 
strength and ductility under compressive loading. These studies served 
as a motivation for the present work whereby metamaterials were 
manufactured with aerogel skin layers. 

Polymer-based aerogels have been successfully used in various ap
plications that extend the promise laid out by fragile silica aerogels. 
[15–17] Polymer-based aerogel media with mostly fibril-like networks 
find applications in air filtration and liquid–liquid separation. Kim et al. 
[18–20] elaborated high efficiency airborne nanoparticle filtration with 
no compromise on air permeability using syndiotactic polystyrene (sPS) 
aerogels [18], a hybrid of sPS-polyvinylidene fluoride aerogels [19], and 
a hybrid of sPS-silica aerogels [20]. These authors established a direct 
correlation between nanoparticle filtration efficiency and the mesopore 
content of the aerogel and reported that static surface charge signifi
cantly improves filtration performance. Wang et al. [21] demonstrated 
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fast and efficient oil–water separation using polyimide aerogel under 
harsh conditions. Zhai and Jana [22] produced a series of polyimide 
aerogel filter media and reported that macropore and mesopore contents 
are responsible respectively for air permeability and airborne nano
particle filtration efficiency. Ghaffari et al. also reported the role of 
bimodal macro and mesoporous structures of polyimide aerogel on air 
permeability [23]. 

In this work, a fabrication strategy was investigated to combine the 
attributes of high porosity polyimide aerogels with mechanical meta
materials in the form of 3D-printed tetrakaidekahedral polyacrylate 
resin lattice structures. The concept was then extended to two additional 
aerogels - silica and Kevlar – for demonstrating the adaptability of the 
process to suit different aerogel chemistries. We earlier reported a facile 
method of fabrication of complex-shaped polyimide aerogel structures 
by using sacrificial gyroid shape mold manufactured using fused fila
ment fabrication method [24]. Agrawal et al. [25] reported fabrication 
of polyurethane aerogels in re-entrant honeycomb forms to achieve 
auxeticity and much higher flexibility compared to corresponding aer
ogel monoliths. Our group also demonstrated fabrication of fully scal
able modular aerogel bricks that offered excellent thermal insulation 
and high mechanical strength [26]. 

It is acknowledged that most metamaterials reported in literature are 
fabricated from acrylate resins using stereolithography (SLA) technique 
to obtain higher resolution than possible with fused filament fabrication. 
[27,28] In the present study, a high-resolution SLA technique was used 
to fabricate a polyacrylate metamaterial structure. The skins of aerogels 
were developed on the metamaterial surfaces using a sol–gel process. 
The aerogel skins of polyimide, silica, and Kevlar were separately 
developed to demonstrate the utility of the fabrication process to three 
different sol–gel chemistry systems. Such materials may be used in a 
number of applications, such as in liquid removal, airborne nanoparticle 
filtration, or fast vapor absorption. 

The growth of aerogel skins on metamaterial structures is not 
obvious. In this work, the surface of the polyacrylate tetrakaidekahedral 
structure was tuned by solvent-aging and post-curing to obtain desired 
crosslink density appropriate for diffusion of precursor sol materials. 
Although the curing and aging process did not significantly affect the 
quality of aerogel coating, the color and the mechanical properties of the 
samples significantly changed due to the cracks induced by the solvent- 
aging step. The surface polarity, thermal properties, and compressive 
mechanical properties were evaluated. The open-cell tetrakaidekahedral 
lattice offers low packaging size [29,30] involving large flow channels 
indicating that the aerogel-coated tetrakaidekahedral lattices may be 

used as an architecture-controlled 3D filter component. 

2. Experimental 

2.1. Materials 

Pyromellitic dianhydride (97 %, Mw ~ 218 g/mol) (PMDA) was 
purchased from Alfa-Aesar (Haverhill, MA), 2,2′-dimethylbenzidine 
(Mw ~ 212 g/mol) (DMBZ) was purchased from Shanghai Worldyang 
Chemical Cp. ltd (Shanghai, China), tris(2-aminoethyl)amine (97 %, Mw 
~ 230 g/mol) (TREN) crosslinker, nitric acid (65–67 %, Mw ~ 63 g/ 
mol), and ammonium hydroxide solution (28–30 % NH3 basis, Mw ~ 35 
g/mol) were obtained from Sigma Aldrich (Milwaukee, WI). Pyridine (≥
99 %, Mw ~ 79 g/mol), acetic anhydride (≥ 99 %, Mw ~ 102 g/mol), 
ethanol, and acetone were purchased from Fisher Scientific (Ontario, 
NY). For the synthesis of silica aerogel, the reactant tetraethyl orthosi
licate (reagent grade, 98 %, Mw ~ 208 g/mol) (TEOS) was purchased 
from Scientific Polymer Products Inc. (Ontario, NY). In order to prepare 
Kevlar aerogel, Kevlar fibers (Size 69) were purchased from The Thread 
Exchange, Inc. (Weaverville, NC). N,N-dimethylformamide (DMF) and 
dimethyl sulfoxide (DMSO) were purchased from VWR International 
(Radnor, PA). A high-temperature SLA acrylate resin was purchased 
from Formlabs (Somerville, MA). For contact anle measurement, 
methylene iodide was purchased from Sigma Aldrich. 

2.2. Preparation of the lattices 

The tetrakaidekahedral lattice template was designed in Solid
works® and printed via SLA using a Form2 printer from Formlabs 
(Somerville, MA). The thickness of each layer was set up to 50 µm and 
3.6 mL of resin was consumed for printing of one tetrakaidekahedral 
lattice. 

2.3. Post-processing and polyimide (PI) coating on the lattices 

Previous studies reported that polyimide gels are traditionally pre
pared by a reaction of dianhydrides and diamines (e.g., PMDA and 
DMBZ) with a trifunctional amine (e.g., TREN) acting as a crosslinker 
followed by a chemical imidization step. Polyimide aerogels are then 
obtained through supercritical drying of these gels [15,31,32]. Here, the 
SLA printed lattices were subjected to different post-processing steps, 
such as curing by 405 nm light exposure for 20 min, aging in DMF sol
vent for 24 h, or both processes, all conducted at room temperature. The 

Fig. 1. Schematic showing printing of the tetrakaidekahedral lattice (shown as 1) and procedure of post-curing under 405 nm wavelength light (2 and 4), aging in 
DMF solvent (3), and dip-coating (5,6, and 7), all conducted at room temperature. 
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resultant lattice materials were immersed in 80 mL of DMF solution 
containing 6.3 g of PMDA for 24 hrs. Next, 6.3 g DMBZ dissolved in 40 
mL of DMF was added into the solution to form polyamic acid oligomers 
in the presence of immersed lattice materials. Subsequently, 1.2 g TREN 
in 30 mL of DMF and 19.95 g acetic anhydride and 18.75 g pyridine were 
added to the polyamic acid solution to obtain crosslinked and imidized 
network of polyimide gel [31]. The target concentration of solid in the 
polyimide sol was 6.7 wt%, and all chemical reactions were carried out 
under magnetic stirring at room temperature. The sol–gel transition 
takes 15 mins at this solid concentration. This value is similar to the 
value reported by Teo et al. for polyimide aerogels of similar formula
tions [31]. However, the sol was allowed to stand for 12 h at room 
temperature to ensure that a fully crosslinked network of polyimide 
coating on polyacrylate lattices was formed. The coated lattices were 
subjected to solvent-exchange in solvent mixtures of 100 % DMF, 75 % 
DMF/25 % acetone, 50 % DMF/50 % acetone, 25 % DMF/75 % acetone, 
and finally 100 % acetone each at 12-hour intervals. The loosely held 
polyimide gel chunks were removed by dragging the structures in the 
liquid during the first solvent exchange step in 100 % DMF. The lattice 
specimens with and without polyimide gel coating were transferred into 
an autoclave, washed with liquid carbon dioxide, and dried under the 
supercritical condition of carbon dioxide at 50 ◦C and 11 MPa to obtain 
dried specimens. The entire process illustrating the production of spec
imens is schematically shown in Fig. 1 and Figure S1. The final speci
mens obtained in steps 5,6, and 7 in Fig. 1 were used in characterization. 

2.4. Silica coating on the lattice 

The polyacrylate lattice specimens were also coated with silica aer
ogel to demonstrate the adaptability of the process for rendering inor
ganic oxide coatings onto the lattice. Silica aerogels are well-known for 
their fire retardance [33] and thus a silica aerogel coating can impart 
fire retardance to the polyacrylate lattices. Printed polyacrylate lattice 
specimens were swollen in DMF for 24 h and then the solvent was 
exchanged with ethanol for 2 days. The specimens were transferred to a 
mixture of 41.6 g of TEOS, 10.8 mL deionized (DI) water, and 80 mL 
ethanol. After 24 h, nitric acid was added until pH of the solution 
reached a value of 2.0. For gelation, a mixture of 1 mL ammonium hy
droxide, 14.4 mL DI water, and 60 mL ethanol was added. The loosely 
held silica gel was removed during the first stage of the solvent exchange 
step in ethanol. Eventually, the solvent was entirely exchanged with 100 
% ethanol and the silica-coated lattice was dried under supercritical 
condition of carbon dioxide. 

2.5. Aramid coating on the lattice 

For coating the printed polyacrylate specimens with an aramid aer
ogel, poly (p-phenylenediamine terephthalamide) also known as Kevlar 
was used. Kevlar is a high-performance material and Kevlar aerogels 
have very high porosity (~99 %) and permeability providing advantages 
for adsorption applications. The procedure for coating the SLA printed 
specimen with Kevlar aerogel is outlined below. First, a dispersion of 
Kevlar was produced by magnetically stirring 1 % by weight of Kevlar 
fibers in 100 mL DMSO in the presence of 1 g KOH for 1 week. Next, the 
polyacrylate lattices were printed via SLA and swollen in DMF and 
solvent exchanged with ethanol in a similar way as described for silica 
gel coating. The resultant polyacrylate lattice was then transferred to a 
container holding 60 mL of the Kevlar dispersion and the system was 
magnetically stirred for 2 days which introduced a layer of Kevlar 
dispersion onto the polyacrylate lattice. The lattice specimen was 
transferred to deionized water (DI water) which caused gelation of the 
Kevlar layer. The specimens were solvent exchanged with DI water 
every 2 h for 5 times to remove any excess of DMSO followed by solvent 
exchanges with ethanol every 2 h for 5 times. The specimens were 
supercritically dried using carbon dioxide. 

2.6. Characterization 

Compression test: The stress vs strain behavior of the lattices was 
obtained using an Instron 5567 tensiometer (Norwood, MA). For this, a 
100 N load cell was used with a compression rate of 1.3 mm/min. 

Morphology: The morphology of the lattices was captured using a 
LYRA3 scanning electron microscope (SEM, Tescan, CZ) at an acceler
ating voltage of 5 kV. A representative piece of each fractured lattice 
strut was placed on an aluminum stub using carbon tape, followed by 
sputter coating with silver (ISI-5400 Sputter Coater, Polaron, UK). An 
optical microscope (BX51, Olyumpus, JP) was used to observe the pol
yimide aerogel layer on the lattices. 

Thermogravimetric analysis (TGA): TGA was conducted under 
nitrogen atmosphere with a Q50 thermogravimetric analyzer (TA In
struments, Waltham, MA) using a heating rate of 10 ◦C/min up to 700 ◦C 
under N2 atmosphere at a flow rate of 40 mL/min. 

Infra-red (IR) spectroscopy: IR spectra was obtained by Alpha-P 
FT-IR spectroscope (Brucker, Billerica, MA). The FTIR spectrum was 
obtained to analyze the change in chemical composition of all the 
specimens involved. First, 128 scans of background were taken to get the 
baseline followed by 128 scans of the samples. The samples were scan
ned with a resolution of 4 cm−1. 

Skeletal density: The values of skeletal density were obtained using 
a helium pycnometer (AccuPyc II 1340, Micromeritics Instrument Corp., 
Norcross, GA). The pycnometer chamber was calibrated and flushed 
with helium 25 times before use and the measurements were performed 
at room temperature. 

X-ray micro-computed tomography (µCT): The cross-sectional 
images of the struts from the tetrakaidekahedral lattices were taken by 
SkyScan 1172 X-ray µCT (Brucker, Billerica, MA) at a source voltage of 
32–33 kV and a source current of 193–198 µA. 

Contact angle (CA) measurement: The CA values of deionized 
water and methylene iodide on representative polymer surfaces were 
collected using a Ramé-Hart (Succasunna, NJ) Model 500 standard 
contact angle goniometer. The values of polymer surface free energy and 
polarity were calculated based on Wu’s theory [34] as presented in Eqs. 
(1)–(3). 

γ12 = γ1 + γ2 −
4γd

1γd
2

γd
1 + γd

2
−

4γp
1γp

2

γp
1 + γp

2
(1) 

Eq. (1) can be rearranged to the form given in equation (2) for 
facilitating calculation of surface energy values. 

(bi + ci − ai)γdγp + ci(bi − ai)γd + bi(ci − ai)γp − aibici = 0 (2) 

Eqs. (1) and (2), γd and γp are the dispersion and polar components 

respectively of surface energy (γ12) of the polymer; ai =
(

γi(1+cosθi)
4

)
,bi =

γd
i , ci = γp

i ; θi is contact angle of water or methylene iodide on the 
polymer. The values of surface energy of waterγ1 = 72.8 dynes/cm with 
γd

1 = 22.1 dynes/cm and γp
1 = 50.7 dynes/cm and surface energy of 

methylene iodideγ2 = 50.8 dynes/cm with γd
2 = 44.1 dynes/cm and γp

2 =

6.7 dynes/cm were used in surface energy calculation [34]. The surface 
polarity was calculated as in Eq. (3), 

Polarity =
γp

γp + γd (3)  

3. Results and discussion 

At the outset, we focused on the integrity of PI gel coating on poly
acrylate lattice surfaces. As a first approximation, the polarity values of 
PI and polyacrylate lattice structures right after 3D printing and post- 
curing processes were determined from the values of contact angle of 
water and methylene iodide on 3D-printed sheets of polyacrylate and 
compressed sheets of PI aerogel. The PI aerogel specimens were com
pressed at 1200 psi pressure to remove the pores so that only the surface 
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energy values due to chemical composition could be captured. The polar 
component of the surface energy and the polarity values are listed in 
Table 1. It is evident from the data that the polarity of PI gel (0.21) was 
much closer to the as printed polyacrylate sheet specimen (0.13) than 
the ones produced by post-curing (0.03). One may extend this obser
vation to achieving stronger adhesion of PI aerogel coating on the as 
printed specimen than the post-cured one. We also obtained contact 
angle values of droplets of DMF on the polyacrylate surface to under
stand the wetting characteristics of printed acrylate specimens by DMF, 
the solvent used in preparation of PI gel. We note that the formation of a 
uniform coating by PI gel on acrylate surface is contingent upon excel
lent wetting of the surface by DMF. The values of contact angle of DMF 
droplets on the surface of as printed and post-cured acrylate specimens 
were 18.23◦ and 16.3◦ respectively. These values indicate good wetting 
characteristics of polyacrylate surfaces by DMF. 

The dip-coating behavior of the polyacrylate lattices in PI sol was 
investigated next. As presented in Experimental section, the tetrakai
dekahedral lattice specimens were printed from the acrylate-based resin 
by the SLA method. Sequentially, different post-processing steps were 
executed. Different specimens evaluated henceforth are designated as 
follows - Sample #1 represents the as printed acrylate specimen, Sample 
#2 the acrylate specimen post-cured at 405 nm wavelength, Sample #3 

represents the acrylate specimen swelled in DMF, Sample #4 is the 
specimens first swelled in DMF followed by post-curing at 405 nm 
wavelength, Sample #5 represents the post-cured acrylate (Sample #2) 
coated with PI, Sample #6 is PI-coated Sample #3, and Sample #7 is 
Sample #4 coated with PI. The specimen designations are summarized 
in Fig. 2. 

It is seen in Figure S2 that the post-curing process induced yellow 
color in Sample #2 in comparison to the as printed Sample #1. Sample 
#3 was swollen in DMF for 24 h and no change in color was seen in this 
case. The post-curing process induced some yellowness also in Sample 
#4. One can infer that the specimen dimensions of images 3 and 4 
changed due to swelling in DMF as in Figure S2. The length and height 
of the lattice and the thickness of the strut in the lattice changed due to 
swelling as follows – length increased by 9.1 % (24.25 mm to 26.45 
mm), height increased by 9.4 % (36.06 mm to 39.47 mm), and strut 
thickness increased by 17 % (2.05 mm to 2.4 mm). Sample # 4, which 
was a post-cured sample of #3, became more yellowish than #3. The 
post-curing induced a higher chroma of the sample color (Figure S2). 

It is noted that the dimensions of Samples #3 and #4 after solvent 
exchange with acetone and drying under super-critical condition 
returned close to the dimensions of as-printed acrylate specimens 
(Sample #1 and #2), see Fig. 2. Interestingly, the solvent-aged samples 
display deeper yellow than the unaged Sample #5, and the additionally 
post-cured Sample #7 shows the deepest yellow color compared to 
Sample #6. Thus, it can be inferred that the post-curing process tends to 
change the color of specimens and the aging step in the solvent led to 
volume expansion, which in turn made way for PI precursor molecules 
to enter the swollen acrylate domains, thus producing even deeper 
yellow color, as shown in Fig. 2. 

The supercritically dried specimens that were earlier subjected to 
aging in DMF, e.g., Sample #3 and Sample #4, showed considerable 
cracks in the lattice structures. However, the PI gel coated specimens 
Sample #6 and Sample #7 showed much less damage than Sample #3 
and Sample #4. Sample #5 was not visibly damaged. The DMF mole
cules easily penetrated the less crosslinked polyacrylate network leading 
to expansion of the volume of the network. To capture these trends, we 

Table 1 
Surface free energy and polarity from contact angle values of as printed and post- 
cured polyacrylate sheet and compressed polyimide aerogel sheet.  

Material Contact 
angle (◦)  

Surface free 
energy (dynes/ 
cm) 

Polarity  

Water Methylene 
iodide 

ɤɤd ɤɤp ɤɤ ɤɤp/ɤɤ 

As printed sheet 97 ± 2 58 ± 2  27.4 4  31.4  0.13 
Post-cured 

sheet 
106 ± 2 67 ± 2  27.4 0.9  28.4  0.03 

Compressed PI 
aerogel sheet 

82 ± 2 36 ± 1  33.7 8.8  42.5  0.21  

Fig. 2. The color and appearance of tetrakaidekahedral lattices as function of different post-curing and solvent aging steps.  
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prepared cylindrical specimens of 1 cm diameter from each material and 
subjected them to the same post-processing step as shown in Fig. 2. A set 
of representative images are shown in Figure S3. It is evident that 
Sample #5 did not have macroscopic damage and that PI-coated spec
imens Sample #6 and Sample #7 showed less cracks than Sample #3 
and Sample #4. 

The skeletal density of supercritically dried specimens was measured 
to verify any weight loss due to aging in solvent or to obtain the amount 
of polyimide coating on the tetrakaidekahedral lattices (see Table 2). As 
reference, the skeletal density values of PI aerogel and as printed poly
acrylate specimens were respectively 1.3697 g/cm3 and 1.2052 g/cm3. 
It is evident that post-curing and solvent aging rendered acrylates a bit 
denser with skeletal density varying from 1.2156 g/cm3 for post-cured 

Table 2 
Skeletal density of post-processed tetrakaidekahedral lattices.  

Sample Skeletal density (g/cm3) 

#0. PI aerogel monolith  1.3697 
#1. As printed lattice  1.2053 
#2. Post-cured lattice  1.2156 
#3. Expanded lattice  1.2118 
#4. Expanded-cured lattice  1.2111 
#5. Post-cured_PI coated lattice  1.2149 
#6. Expanded_PI coated lattice  1.2126 
#7. Expanded_cured_PI coated lattice  1.2153  

Fig. 3. (a) TGA traces and (b) FT-IR spectra of different post-processed tetrakaidekahedral lattices. Sample #0 refers to PI aerogel.  

Fig. 4. Optical microscope images from cross-sectional fragment of (a) #2 post-cured lattice, (b) #5 post-cured PI-coated lattice and (c) #6 expanded, PI-coated 
lattice, and (d) SEM image of #6 expanded, PI-coated lattice. 
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lattice (Sample #2) to 1.2118 g/cm3 for solvent-aged lattice (Sample 
#3) to 1.2111 g/cm3 for solvent-aged and post-cured (Sample #4) 
specimens. The skeletal density of PI-aerogel coated specimens (Sample 
#5, #6, and #7) fell in the same range as post-cured and solvent-aged 
polyacrylate lattices, e.g., 1.2149 g/cm3 for Sample #5, 1.2126 g/cm3 

for Sample #6, and 1.2153 g/cm3 for Sample #7. Considering the above 
skeletal density values, we contend that the amount of PI aerogel coating 
on the lattices was significantly small. 

In view of low thermal conductivity of PI aerogel, typically around 
30 mW (m K)-1 [35,36] and high thermal stability up to 525 ◦C [31] we 
performed TGA measurements to identity the role of PI aerogel coating 
at slow temperature increments. Such data are presented in Fig. 3(a). It 
is seen that all polyacrylate lattices showed similar decomposition trend 
and lost 10 % of weight at 360 ◦C, except the post-cured Sample #2 that 
lost 10 % weight at 373 ◦C. Note that PI aerogel lost 10 % weight at 
485 ◦C. PI aerogel-coated Sample #5 sample lost 10 % weight at 360 ◦C, 
about 13 ◦C earlier than Sample #2. This is attributed to macroscopic 
damages in the specimens due to exposure of DMF during the PI-coating 
process. 

The FT-IR spectra in Fig. 3(b) show matching peaks for Sample #0 
(PI aerogel) and Sample #5–7. The presence of distinguishable peaks at 
728, 1366, and 1777 cm−1 indicate the presence of imide groups from PI 
aerogel coating. Sample #1 and #2 exhibit almost the same peak ratio 

and the positions although they had different crosslink density. 
Further, the formation of PI aerogel coating on acrylate rods and 

struts was monitored using optical microscope and SEM images. Fig. 4 
(b) corresponding to Sample #5 clearly shows the distinctive yellow 
border near the edges due to PI aerogel compared to Fig. 4 (a) for 
Sample #2. More interestingly, Fig. 4 (c) corresponding to Sample #6 
represents a blurred yellow colored domains inside the strut of the lat
tice. This image elucidates the creation of PI aerogel in the cracked 
openings in polyacrylate resins caused by exposure to DMF and pene
tration by the precursors of PI. The fibrillar solid network structures of 
the PI aerogel materials was seen formed at the shell of the sample as 
presented in the inset of Fig. 4 (d). The thickness of the yellow boundary 
in the optical images (Fig. 4b and c) is shown to be approximately 50 µm. 
However, a precise measurement of the boundary thickness from the 
SEM micrograph (Fig. 4d) confirmed uniform thin layers of PI coating 
with thickness below approximately 10 µm. In Figure S4 (a), the edge 
surface of Sample #2 specimen is of sharp wedge-shape caused by the 
inherent resolution of layer-by-layer SLA printing used. After the PI 
coating, the surface morphology became significantly smoother than the 
uncoated sample as shown in Figure S4 (b). 

We next investigated the mechanical properties of these tetrakaide
kahedral lattices as shown in Fig. 5 (a). With the exception of Sample #1 
specimen, most of the lattices exhibited similar strain at break as 

Fig. 5. (a) Compressive stress vs strain curves, (b) compressive modulus and (c) compressive stress vs strain curves at low strain (d) compressive stress vs strain 
curves under 0.1 strain. 
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presented in Fig. 5(d). We can elucidate that the tetrakaidekahedral 
lattice can maintain its global structure intact if the polymer network 
has low crosslink density. The compressive modulus in Fig. 5 (b) was 
calculated from the slope of the initial linear portion of stress vs strain 
curve of Fig. 5 (c). All post-cured Samples-#2, #4 and #5-showed 
notably higher modulus than uncured samples. The solvent-aged Sample 
#3, #6, and #7 tend to have lower modulus than those not subjected to 
solvent aging attributed to the cracks in the struct structures. Unlike the 
post-curing or the solvent-aging, the coating did not significantly affect 
the mechanical property of the lattices. 

To further correlate the mechanical performance and damages 
induced by solvent exposure, we investigated the effect of post-curing 
process and aging in solvent with the corresponding defects in the 
samples by using the X-ray µCT. In Fig. 6 (a), corresponding to Sample 
#5 (cured and PI-coated), the wedge-like cracks are observed near the 

surfaces, but no major cracks were observed near the core. In contrast, 
many branch-like cracks were observed in the case of Sample #6 (sol
vent aged, PI-coated) as in Fig. 6 (b). These fractures in the expanded 
samples could have occurred by crack formation induced by the pene
tration of the solvent molecules in less crosslinked regions. In contrast, 
the abundant crosslinked networks inhibited the crack propagation from 
the edge, and only local crack appeared near the edge in Fig. 6 (a). 
Similar behavior can be observed in Figure S5 (a) and Figure S5 (b), 
where solid deposition is seen in the case of expanded samples due to 
crack formation. 

Up to this point, the paper focused on establishing an innovative 
manufacturing technique to obtain polyimide aerogel coated tetrakai
decahedron lattices and to study the effect of various post-processing 
conditions on the morphology and mechanical strength of the resul
tant structures. Subsequently, we delved into several potential 

Fig. 6. X-ray µCT images of (a) #5 cured PI-coated lattice with (center) side-view and (left and right) cross-section at top and bottom plane and (b) #6 expanded PI- 
coated lattice (center) side-view and (left and right) cross-section at top and bottom plane. The radial shapes in the images are due to the background from the 
sample stage. 

Fig. 7. Flame test of (a) #3 expanded, (b) #6 expanded_PI coated and (c) #8 expanded_silica-coated struts from tetrakaidekahedral lattices.  
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applications for these structures using polyimide, silica, and Kevlar 
aerogels as coatings. First, we investigated the flame retardant property 
of the fragment of the lattices by combustion test because aerogels are 
promising materials for insulation applications. The interconnected- 
network morphology of the aerogels along with very low thermal con
ductivity make aerogels resistant to fire. The polyacrylate resin is not a 
flame-retardant material, therefore, it was entirely decomposed in 4 s. 
Thus, adding an aerogel layer can help make the 3D-printed structures 
more resistant to fire. As we expected, aerogel coating influenced the 
retardation of the decomposition of the samples. Although the polyimide 
aerogel coating was rapidly decomposed at 550 ◦C according to TGA 
data in Fig. 3(a) and a relatively thin PI coating was formed on the 
surface of the lattice, it delayed the combustion of the polyacrylate for 6 
s. 

To further investigate the capabilities of aerogel in enhancing the fire 
retardance performance of the SLA printed structures, we prepared one 
more lattice specimen, Sample #8, coated by silica aerogel, which is a 
well-known flame-resistant material. [33,36,37] Figure S6 indicates 
successful fabrication of silica aerogel coatings on the lattice. The results 
of the flame test are summarized in Fig. 7. From the flame test, it can be 
observed that the silica aerogel coating played a significant role in 
retarding the flame for additional 18 s compared to the acrylate resin. 
Even though the flame retardant performance of polyimide aerogel was 
not better than silica aerogel, this test is valuable in demonstrating that 
the thin polyimide aerogel coating presented an insulation function, 
thus protecting the internal materials. 

Rendering the surface of the tetrakaidecahedron lattice porous by 
means of an aerogel coating bestows the resultant structures with 
additional advantages such as adsorption and filtration capabilities. 
Aerogels possess an interconnected network with a large number of 
mesopores leading to a large surface area. These properties are desired 
for nanoparticle filtration from air or water. We demonstrated the 
capability of the coated lattices in removal of methylene blue dye from 
water and NaCl nanoparticles from air. These results proved that the 
lattices can be modified to filter out the toxic cationic dyes from 
wastewater or to remove the nanoparticle impurities from air. 

The organic pollutants in the form of dyes in both industrial and 
agricultural wastewaters pose a serious threat to the environment as 
well as human health. Methylene blue (MB) is one such commonly 
known organic dye which is used regularly in staining of cotton, wool, 
silk and during biological staining processes. [38] Although aerogels 
have high adsorption capabilities, they are not practical for dye 
adsorption applications because of their low mechanical strength. Thus, 
the coated lattices introduced in this study present a viable option for 
this purpose. To demonstrate that the coated lattices have the ability to 
remove organic dyes from water, an aqueous solution of methylene blue 
dye was used. The concentration of methylene blue dye solution was 
0.01 g/L. A strut of lattice of length ~ 4 mm was immersed in 2 mL of the 
dye solution and allowed to reach an equilibrium in 5 days. 

It was observed that sample #1 corresponding to the as-printed 
sample and sample #8 depicting the silica-aerogel coated sample 
showed the least change in the intensity of the blue color of the MB dye 
solution. The PI-coated lattices i.e., sample #6 and sample #7, displayed 
lower intensity of the color indicating that the concentration of MB in 
the solution had reduced because of the adsorption due to the PI aerogel 
layer. Finally, it was noted that sample #9 corresponding to the Kevlar 
aerogel coated lattice resulted in a clear solution and complete adsorp
tion of MB dye from water. These results suggest that even a thin layer of 
aerogel on the lattice structure can impart adsorption properties to the 
SLA printed metamaterial structure which can be used for separation of 
nanometer sized impurities from water. 

To quantify the above results, another strut of the coated lattices of 
length ~ 4 mm was immersed in 4 mL of the 0.01 g/L solution of MB. 
After 5 days, the concentration of the residual MB dye in water was 
determined with the help of an ultraviolet–visible (UV–vis) spectro
photometer. The results obtained are listed in Table 3. The values from 

Table 3 follow the trend observed in Fig. 8. It should be noted that MB is 
an aromatic cationic dye (Figure S8), and the adsorption of MB on a 
surface majorly occurs due to one or more of these three possible 
mechanisms- electrostatic attractions, hydrogen bonding with the ni
trogen atoms, and the π −π stacking interactions with the aromatic rings 
[38]. A higher adsorption capacity is seen from PI aerogel and Kevlar 
aerogel owing to the π −π stacking interactions with the aromatic rings 
which was absent in silica aerogel. The lattice coated with Kevlar aer
ogel (sample #9) shows the highest adsorption of MB per unit weight 
because of the inherently high adsorption capabilities of the Kevlar 
aerogel. Because of the electrostatic nature and presence of amide hy
drogens, Kevlar aerogel shows higher adsorption of the MB dye through 
electrostatic attractions. As seen from Table 3, it can be discerned that 
sample #9 showed capabilities to separate MB molecules from water 
which were almost 21 times higher than the as-printed samples which 
has negligible adsorption ability. 

The effectiveness of the coated lattices for filtration of airborne 
nanoparticles was evaluated using sample #9 i.e., Kevlar coated tetra
kaidecahedral lattice. For air filtration experiment, a TSI-8130 air filter 
tester (TSI Inc. Shoreview, MN) was used. This tester generated sodium 
chloride (NaCl) nanoparticles with diameters in the range of 25 nm- 150 
nm. Sample #9 was placed in the sample holder of the tester and the 
airborne NaCl nanoparticles at the air flow rate of 20 L/min were 
allowed to pass through the sample for 40 min. Figure S9 shows the 
experimental setup for air filtration experiment. From the difference in 
the weight of the sample measured before and after passing of the 
nanoparticles, it was determined that 2.5 mg of nanoparticles were 
captured in the sample. 

Scanning electron microscopy was performed to observe the micro
structure of the aerogel layer and to determine the presence of any NaCl 
nanoparticle in the aerogel network. Four struts from arbitrary locations 
of the lattice were used for this purpose. As seen from Fig. 9, it is evident 
that the nanoparticles were trapped in the pores of the aerogel structure 

Table 3 
Amount of dye adsorbed per unit weight (mg/g) for different lattice specimens.  

Specimen Specimen mass 
(g) 

Dye adsorbed per unit weight 
(mg/g) 

#1 as-printed  0.022  0.10 
#8 expanded_silica-coated  0.011  0.32 
#6 expanded_PI-coated  0.015  0.61 
#7 expanded_cured_PI- 

coated  
0.009  0.71 

#9 expanded_Kevlar-coated  0.013  2.14  

Fig. 8. Images of the dye solution after 5 days for (i) #1 as-printed, (ii) #8 
expanded_silica-coated, (iii) #6 expanded_PI-coated, (iv) #7 
expanded_cured_PI-coated, and (v) #9 expanded_Kevlar-coated. 
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due to presence of the mesopores (2–50 nm). Similar observations were 
made in earlier studies [18–20,22]. The images taken from various parts 
of the sample and the presence of nanoparticles in all the images suggest 
that the entire surface was utilized in the filtration process. This test 
should be regarded as a proof of concept that the superficially porous 
metamaterials produced by the technique described in this paper will 
have the ability to filter out airborne nanoparticle impurities. For 
anyone interested to study the efficiency of such materials in greater 
detail, an experiment can be designed where the nanoparticles should be 
passed through the samples enclosed in a glass sample holder to prevent 
the passage of air through the sample cavities. 

It should also be noted that the metamaterial design and the aerogel 
chemistry can be chosen as per the required application and the 
morphology of the aerogel layer can be manipulated through the post- 
processing steps. Taking this into account, it can be concluded that 
these superficially porous metamaterials mark the advent of one of a 
kind futuristic material which can benefit from the porous aerogel sur
face coatings along with the extraordinary properties of metamaterials. 

4. Conclusion 

This work introduced a facile method for coating functional aerogel 
layers onto 3D-printed metamaterials thus adding functionality to sim
ple lattice type skeletal structures and deriving desired mechanical 
strength from the lattice structures to supplement the mechanically 
weak, but functionally rich aerogel layers. The aerogel coating layers of 
PI, silica, and Kevlar were all deposited onto acrylate struts and their 
utility in flame retardance and in airborne nanoparticle filtration 
established. The work also presented a step by step process for materials 
selection based on surface energy considerations and cleverly used 
swelling phenomena by the solvents for infusion of the acrylate material 
struts with corresponding sol of silica, PI, and Kevlar. There are a large 
number of materials and structures that one can envision for producing 
metamaterial structures similar to the current work. Thus, this study 
provides a new approach to explore these combinations to potentially 
advance 3D materials fabrication for membrane and other thermally 
stable metamaterial architectures. 
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