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shear elastic modulus,  G ′, and shear yield strength, τ  y  , to main-
tain their printed fi lamentary shape. By carefully tailoring the 
ink composition and rheology, we can control the printability, 
architecture, and properties of patterned 3D structures. 

 To fabricate lightweight cellular composites, we fi rst create 
epoxy-based inks that embody the essential rheological prop-
erties required for our 3D printing method. Unlike prior ink 
designs that undergo solidifi cation via gelation, drying, or on-
the-fl y photopolymerization, [ 12,14,15,18 ]  epoxy resins are reac-
tive materials that initially exhibit a low viscosity, which rises 
over time as the reaction proceeds under ambient conditions. 
Moreover, these inks ultimately require thermal curing at 
elevated temperatures (100–220 °C) for several hours to com-
plete the polymerization process. We created epoxy-based inks 
that exhibit the desired viscoelasticity and long pot-life in the 
absence and presence of highly anisotropic fi llers. Specifi cally, 
we formulated the base epoxy inks using an Epon 826 epoxy 
resin, nano-clay platelets, and dimethyl methyl phosphonate 
(DMMP). The nano-clay platelets (1 nm thick; 100 nm in 
length) primarily serve as a rheology modifi er that imparts both 
shear thinning behavior and a shear yield stress to the uncured 
ink, while DMMP serves to reduce the initial viscosity of the 
resin to allow higher solids loading. Both of these additives 
may also enhance the mechanical properties of the cured epoxy 
matrix. [ 20–23 ]  Next, we added silicon carbide whiskers (0.65 µm 
in diameter; 12 µm mean length) and carbon fi bers (10 µm 
in diameter; 220 µm mean length) to the base formulation to 
create fi ber-fi lled, epoxy inks. These high aspect ratio fi llers 
align under the shear and extensional fl ow fi eld that develops 
within the micronozzle during printing [ 13,24–27 ]  (Figure  1 b), 
resulting in enhanced stiffening in the cured composite along 
the printing direction. Finally, we used an imidazole-based ionic 
liquid as a latent curing agent to greatly extend the printing 
window (i.e., 30-day pot-life) under ambient conditions. This 
approach effectively decouples the printing process from the 
curing process and enables inks to print consistently over the 
course of several weeks. Imidazole-based curing agents are also 
known to impart chemical stability and heat resistance to epoxy 

  Lightweight cellular composites, composed of an intercon-
nected network of solid struts that form the edges or faces of 
cells, [ 1 ]  are an emerging class of high-performance structural 
materials that may fi nd potential application in high stiffness 
sandwich panels, [ 2 ]  energy absorbers, [ 3 ]  catalyst supports, [ 4 ]  
vibration damping, [ 5 ]  and insulation. [ 6 ]  They offer several advan-
tages due to their low density, high specifi c properties, [ 7 ]  and 
potential for multifunctionality. [ 8,9 ]  The most ubiquitous cel-
lular composite is wood, which not only supports substantial 
self-weight and wind loading, but effi ciently transports nutri-
ents over long distances to sustain growth. By controlling com-
position and architecture over multiple length scales, natural 
materials are able to achieve remarkable properties from bio-
logical polymers, e.g., cellulose and lignins. Balsa wood is a 
prime example, which rivals the best engineering materials in 
terms of specifi c bending stiffness, E ρ/1/2 , and specifi c bending 
strength, σ ρ/2/3 . [ 10 ]  

 Here, we report a new epoxy-based ink that enables 3D 
printing of cellular composites with controlled alignment of 
multi-scale, high aspect ratio fi ber reinforcement to create 
hierarchical structures inspired by balsa wood ( Figure    1  a).  3 D 
printing offers unparalleled fl exibility in achieving controlled 
composition, geometric shape, function, and complexity over 
traditional manufacturing methods. [ 11,12 ]  However, despite con-
tinuing advances, there are few examples that fully leverage the 
potential of additive manufacturing to create fi ber-reinforced 
composite architectures [ 13 ]  or use structural matrices, such as 
epoxy resins. [ 14 ]  Using this unique combination of hierarchical 
inks and 3D printing, we create lightweight, wood-inspired cel-
lular composites that cannot be fabricated any other way. These 
materials exhibit Young’s modulus values that are an order of 
magnitude higher than those obtained by thermoplastics and 
photocurable resins developed for commercial 3D printing 
methods, while retaining comparable strength.    

 Our 3D extrusion printing method has been used previously 
to fabricate ceramic, metallic, and polymeric scaffolds, [ 15,16 ]  3D 
antennae and sensors, [ 14,17,18 ]  and rechargeable Li ion micro-
batteries, [ 19 ]  with features ranging from microns to milli meters 
in size. Central to this process is the design of concentrated 
viscoelastic inks that exhibit signifi cant shear thinning to 
allow extrusion through micronozzles under ambient condi-
tions without requiring prohibitively high printing pressures. 
However, after exiting the nozzle, they possess suffi ciently high 
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 Figure 1.    (a) Optical image of 3D printing of a triangular honeycomb 
composite. (b) Schematic illustration of the progressive alignment of high 
aspect ratio fi llers within the nozzle during composite ink deposition.
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resins. [ 28–30 ]  The properties of these individual constituents as 
well as representative ink formulations are provided in Table S1 
and S2, respectively. 

 The rheological behavior of epoxy-based inks of varying 
composition are shown in  Figure    2  . The pure epoxy resin 
with DMMP exhibits a viscosity ( η ) of ∼1.5 Pa•s that is inde-
pendent of shear rate (Figure  2 a). As a consequence, the shear 
storage modulus ( G ′) of this ink is lower than its loss modulus 
( G″ ), and both moduli are independent of applied shear stress 
(Figure  2 b). While the resin readily fl ows through fi ne noz-
zles under modest applied pressures, it immediately wets and 
spreads upon exiting the nozzle and lacks the ability to support 

itself. The addition of nano-clay platelets transforms the resin 
into a viscoelastic fl uid. The resulting material, referred to as 
the base epoxy ink, possesses a  η  that exceeds 10 4  Pa•s at low 
shear rates (∼0.01 s −1 ) that is four orders of magnitude higher 
than the pure resin. Due to its strong shear thinning behavior, 
this ink exhibits an apparent viscosity of ∼20 Pa•s at shear rates 
(∼50 s −1 ) typically experienced during printing. Hence, the ink 
viscosity is only an order of magnitude higher than that of the 
resin alone under relevant printing conditions. The base epoxy 
ink exhibits a plateau value of  G ′ ∼10 4  Pa that exceeds  G″  by 
about an order of magnitude at low stress. At the crossover 
point between the two moduli curves, its shear yield stress ( τ y  ) 

is ∼150 Pa. Upon adding SiC whiskers to the 
base epoxy ink to create a SiC-fi lled epoxy 
ink, the viscosity increases by approximately 
an order of magnitude at a given shear rate 
without altering its shear thinning behavior. 
At the characteristic shear rate of 50 s −1 , the 
SiC-fi lled epoxy ink viscosity is ∼200 Pa•s. 
Finally, the addition of large carbon fi bers 
(10% by weight of resin) to the SiC-fi lled 
epoxy ink (refered to as the SiC/C-fi lled 
epoxy ink) has little effect on either the ink 
viscosity or degree of shear thinning. How-
ever, the incorporation of SiC whiskers and 
carbon fi bers to the base epoxy ink increases 
the  G ′ and  τ y   to ∼7 × 10 5  Pa, and 4 × 10 3  Pa, 
respectively. Due to their high stiffness and 
yield stress, these inks are ideally suited 
for 3D printing of cellular composites. 
Moreover, given their solid-like nature in 
the quiescent state, the fi ller species within 
these inks undergo minimal aggregation or 
sedimentation. 

 To investigate the effects of shear-induced 
fi ller alignment, we printed tensile bars with 
different printing paths – one oriented lon-
gitudinally along the tensile direction and 
the other oriented transverse to the ten-
sile direction (Figure S1). The results are 
shown in  Figure    3   along with tensile data 
for specimens printed using the base epoxy 
ink (without SiC whiskers or carbon fi ber 
fi llers). Printed composites show a substan-
tial increase in Young's modulus,  E , over the 
pure resin from 2.66 ± 0.17 GPa to 10.61 ± 
1.38 and 8.06 ± 0.45 GPa for the SiC-fi lled 
and SiC/C-fi lled transverse specimens, 
respectively, and 16.10 ± 0.03 and 24.5 ± 0.83 
GPa for the SiC-fi lled and SiC/C-fi lled longi-
tudinal specimens, respectively. These values 
represent up to a 9x increase in the Young’s 
modulus over cast samples composed of 
pure epoxy resin. Failure strength values,  σ f  , 
for the printed composites are comparable to 
that of the cast epoxy resin samples (71.1 ± 
5.3 MPa), with the longitudinal specimens 
exhibiting somewhat higher strengths (96.6 ± 
13.8 and 66.2 ± 6.1 MPa, for the SiC-fi lled 
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 Figure 2.    Log-log plots of (a) apparent viscosity as a function of shear rate and (b) shear storage 
and loss moduli as a function of shear stress for epoxy-based inks of varying composition.
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and SiC/C-fi lled composites, respectively) than the transverse 
specimens for both fi lled epoxy inks (69.8 ± 2.9 and 43.9 ± 4.1 
MPa, for the SiC-fi lled and SiC/C-fi lled composites, respec-
tively). The control samples produced using the base epoxy ink 
possess isotropic properties independent of build direction with 
nearly identical values of  E  = 6.22 ± 0.49 and 5.55 ± 0.97 GPa 
and σ f  = 29.2 ± 4.8 and 33.6 ± 10.1 MPa for longitudinal and 
transverse specimens, respectively. The mechanical properties 
for these three samples are summarized in Table S3. Inter-
estingly, only a small decrease in properties is observed when 
these inks are printed using a larger nozzle (610 µm diameter) 
(Figure S2), which may not be statistically signifi cant given 
the standard deviation. While both nozzle sizes induce fi ber 
alignment throughout the printed fi laments, we anticipate that 
above a critical nozzle size, whose value increases with printing 
speed, the fi bers would only align in yielded regions near the 
nozzle walls, where the shear stress exceeds the ink’s shear 
yield stress. 

 The tensile fracture surfaces do not show any evidence of 
the original printed fi laments, indicating full coalescence of the 
fi laments during deposition, and minimal evidence of deposi-
tion-related defects (e.g., bubbles, nozzle clogging, or fi lament 
debonding) (Figure  3 b,c). SEM micrographs of the fracture 
surfaces also highlight the multi-scale reinforcement active in 
these composites (Figure  3 d-e). The anisotropic fi llers align 

with printing direction – both the SiC whiskers and carbon 
fi bers each display signifi cant pullout in the longitudinal speci-
mens and minimal pullout in the transverse specimens. Hence, 
we can exploit fi ber pullout, a well known toughening mecha-
nism, simply by controlling the printing path. 

 To demonstrate 3D printing of cellular composites, we created 
several architectures with varying cell geometry, as shown in 
 Figure    4  . The 3D structures shown in Figure  4 a-c are produced 
by printing the SiC-fi lled epoxy ink through a 200 µm nozzle. 
These high aspect ratio, cellular structures possess a wall thick-
ness of roughly 200 µm and exceed 2 mm in height (∼20 layers 
thick). The representative structure shown in Figure  4 d-f is pro-
duced by printing the SiC/C-fi lled epoxy ink using a 410 µm 
nozzle. The cell walls of this structure are nominally 350 µm 
thick. Within each cell wall, the large carbon fi bers are clearly 
visible and highly aligned along the printing direction. The high 
degree of shear induced alignment enables carbon fi bers whose 
length exceeds both the nozzle size and cell wall thickness to 
be reliably printed without clogging. Additional images of this 
structure and a translucent honeycomb composite are provided 
in Figure S3 and S4, respectively, along with a movie (Movie S1) 
that highlights the fabrication of the translucent composite.  

 To quantify their mechanical properties, we subjected the 
triangular honeycomb structures to in-plane compression 
tests for samples printed with a range of cell sizes and relative 

Adv. Mater. 2014, 26, 5930–5935

 Figure 3.    (a) Representative tensile stress versus strain curves for 3D printed tensile bars of varying composition and control samples cast from pure 
epoxy resin. Tensile fracture surfaces of longitudinally and transversely printed SiC/C-fi lled specimens at (b, c) low and (d,e) higher magnifi cation, 
respectively. Scale bars in (d) and (e) are 20 µm.
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densities. Representative stress-strain curves are shown in 
Figure  4 g, which display incremental load drops that corre-
spond to discrete failure events highlighted in still frames taken 
from videos acquired during testing (Figure  4 h,i). The failure 
modes include elastic wall buckling, node rotation, and tensile 
failure of the cell walls. The site of one node rotation is shown 
in the SEM images in Figure  4 j,k. Results are discarded from 
any test where out of plane buckling is observed. 

 The Young’ modulus and strength values for triangular hon-
eycombs are plotted in  Figure    5  . The scaling laws governing 
the elastic modulus and strength of cellular materials are well 
established: [ 31 ] 
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 where  E s  ,  σ TS  , and  ρ s   are the Young’s modulus, tensile strength, 
and density of the base solid material, respectively, and  E  and 
 σ c   are the Young’s modulus and strength, respectively. For a 

triangular lattice,  B  =  C  = 1/3 and  b  = 1. The value of the exponent 
 c  depends on the nature of failure in the material:  c  = 1 when 
the cell walls fail in uniaxial tension or compression, and  c  = 
2 when the cell walls fail via elastic buckling. It is important 
to note that the mechanical properties of cellular structures are 
not dependent on their absolute size, but depend solely on the 
properties of the base material, architecture, and relative den-
sity. These 3D cellular composites therefore benefi t from design 
aspects inspired by balsa wood (e.g., cellular architecture cou-
pled with multi-scale, aligned reinforcement) without having to 
reproduce such features at the specifi c length scales observed 
in wood. Model predictions are plotted in Figure  5  using prop-
erties measured for the SiC/C-fi lled epoxy composites. We 
fi nd that the modulus values closely follow the expected linear 
scaling with density, albeit at roughly half the predicted value, 
and the strength values closely follow the scaling law indica-
tive of failure via wall buckling, in agreement with observations 
made during the tests (Figure  4 h,i). The cellular structures 
are somewhat stronger than the predictions based on tensile 
strength data. This observation may be attributed to erroneously 
low tensile strength values due to stress concentrators in the 
tensile samples, or to size effects due to the specifi c fl aw popu-
lations in the composites. The discrepancy between observed 
and predicted modulus values, as well as the propensity for 
failure via buckling of the cell walls, can be attributed, in part, 
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 Figure 4.    Optical images of (a) square, (b) hexagonal, and (c) triangular honeycomb structures composed of SiC-fi lled epoxy. Scale bars are 2 mm. 
(d-f) Optical images of a triangular honeycomb structure composed of SiC/C-fi lled epoxy, which reveal highly aligned carbon fi bers oriented along 
the print direction. The scale bars in (e-f) are 500 µm. (g) Representative compressive stress versus strain curves for printed triangular honeycomb 
structures over a range of relative densities. Still images from video acquired during mechanical testing show an initial node rotation failure event (h), 
followed by damage propagation from that site in the form of elastic wall buckling and tensile fracture (i). The scale bars for (h-i) are 10 mm. (j-k) SEM 
images of the failure site show an imperfection in the cell wall, which may have led to the initial node rotation.
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to geometric imperfections in the lattice structure, including 
nodal misalignment (Figure S3c) and waviness in the cell walls, 
which have been observed in the printed structures (Figure S5). 
Following analyses by Symons and Fleck, [ 32 ]  and Grenestedt, [ 33 ]  
the modulus of a triangular honeycomb structure with wavy 
imperfections in the cell walls is given by:
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 where e w t≡ /0 , and  w 0   is the amplitude of waviness and  t  is 
the wall thickness. Predictions for reduced modulus values are 
plotted in Figure  5 a for various values of  e , and it can be seen 
that good agreement is observed for  e  ≈ 0.5. The occurence of 
such defects is a sensitive function of ink stiffness and strength, 

wall aspect ratio, and deposition parameters, and is likely to 
increase with lower relative density structures. 

 As a benchmark, we have plotted the mechanical proper-
ties of 3D printed commercial polymers and polymer compos-
ites as well as balsa wood and wood cell walls alone along-
side our results in Figure  5 . Tensile bars printed using our 
SiC/C-fi lled epoxy inks exhibit longitudinal Young’s modulus 
values nearly equivalent to wood cell walls, 10–20x higher 
than most commercial, 3D printed polymers, and 2x higher 
than the best commercial printed polymer composites. Hence, 
our composites are competitive with both wood and com-
mercial 3D printed structures in terms of absolute stiffness. 
Indeed, because our cellular honeycomb composites can be 
printed in a triangular motif with very high in-plane fi ber 
alignment rather than the nominally hexagonal motif found 
in balsa wood, their in-plane properties are approximately 3x 
to 8x better than the transverse properties (perpendicular to 
the grain) of balsa wood at the same density. Moreoever, our 
printed composite cellular structures offer the added benefi ts 
of being isotropic in-plane, where wood is not [ 10,31 ]  and exhibit 
equivalent modulus values as bulk printed polymers at half 
the density. 

 In summary, we have demonstrated the fi rst 3D printed cel-
lular composites composed of oriented fi ber-fi lled epoxy with 
exceptional mechanical properties. Because alignment of high 
aspect ratio fi llers occurs along the print direction, the build 
path itself can be used to spatially control their orientation 
within the part. This capability adds an entirely new dimension 
to engineering design and optimization, where composition, 
stiffness, and toughness within a bulk 3D object can be digi-
tally integrated with component design to achieve a highly opti-
mized structure. For example, reinforcements could be aligned 
around geometric stress concentrators or stiffness could be 
graded near fi xture points to minimize damage. In addition 
to creating structures that mimic balsa wood, our approach is 
ideally suited to fabricate a wide range of bio-inspired com-
posite structures with controlled architecture and mechanical 
properties.  

  Experimental Section 
  Epoxy-Based Inks : The inks are prepared by mixing an epoxy resin 

(Epon 826 epoxy resin, Momentive Specialty Chemicals, Inc., Columbus, 
OH) with appropriate amounts of dimethyl methyl phosphonate 
(DMMP, Sigma Aldrich, St. Louis, MO), nano-clay platelets (Cloisite 
30b, Southern Clay Products, Inc., Gonzales, TX), silicon carbide 
whiskers (SI-TUFF SC-050, ACM, Greer, SC), and milled carbon fi bers 
(Dialead K223HM, Mitsubishi Plastics, Inc., Tokyo, Japan) using a 
Thinky Planetary Centrifugal Mixer (Thinky USA, Inc., Laguna Hills, CA) 
in a 125 mL glass container using a custom adaptor. An imidazole-based 
ionic liquid is employed as a latent curing agent (Basionics VS03, BASF 
Intermediates, Ludwigshafen, Germany). The properties of individual 
constituents are given in Table S1. 

 Batches started with 30 g of Epon 826 resin. 3 g of DMMP are added, 
followed by 2 minutes of mixing in the Thinky mixer. Next, SiC whiskers 
are added in 5 or 10 g increments, followed by nano-clay platelets 
in 2 g increments. When used, the milled carbon fi bers are added 
in 1 g increments. After adding each constituent to the ink, it is mixed 
for 3–5 min in the Thinky mixer. Finally, the ink is allowed to cool to 
room temperature prior to the addition of the curing agent, Basionics 
VS03, at 5 wt% of the total epoxy resin added. When carbon fi bers are 
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 Figure 5.    (a) Property space maps of Young’s modulus versus density and 
(b) strength versus density, which compare our printed epoxy-based com-
posites to polymers and polymer composites fabricated by commercial 3D 
printing methods and to balsa wood. [ 9 ]  Analytical predictions are plotted 
as dashed lines using properties of the SiC/C-fi lled composite. Measured 
honeycomb modulus data match predictions for geometric imperfections 
on the order of ≈ −0.25 0.5� , while strength data follow the scaling law for 
failure via buckling. [Note: Commercial data sources are provided in the SI.]
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used, 0.5 g of acetone is added along with the curing agent. After the 
addition of the curing agent, the ink is mixed for additional 3 minutes. 

  Ink Rheology:  Rheological properties of the ink are characterized 
using an AR 2000ex Rheometer (TA Instruments, New Castle, DE) with 
a 40 mm fl at plate geometry and a gap of 500 µm for the base and SiC-
fi lled epoxy inks and 1000 µm for the SiC/C-fi lled ink. All measurements 
are preceded by a one minute conditioning step at a constant shear rate 
of 1 s −1 , followed by a ten minute rest period to allow the ink structure 
to reform. 

  3D Printing:  The inks are loaded into 3 cc, luer-lock syringes (Nordson 
EFD, Westlake, OH) and centrifuged at 3900 rpm for 10 minutes to 
remove bubbles. Loaded syringes are then mounted in an HP3 high-
pressure adaptor (Nordson EFD), which is placed on an Aerotech 
3-axis positioning stage (Aerotech, Inc., Pittsburgh, PA). Ink is driven 
pneumatically and controlled via an Ultimus V pressure box (Nordson 
EFD), which interfaces with the Aerotech motion control software. Luer-
lock syringe tips (Nordson EFD) are used to dictate fi lament diameter, 
and inks are printed onto glass slides covered with Bytac, PTFE-
coated aluminum foil (Saint Gobain Performance Plastics, Worcester, 
MA) to prevent adhesion. Print paths for each geometry are written 
as parameterized g-code scripts and designed to maximize continuity 
within each printed layer. Printed parts are pre-cured at 100 °C for 15 h, 
cooled, removed from the substrate, and cured for 2 h at 220 °C. 

  Characterization:  Density measurements on fully cured samples 
are made using the Archimedes method, and the relative density of 
honeycombs specimens is calculated from the measured mass and volume 
of each specimen. Prior to testing, surfaces of the honeycomb specimens 
are ground fl at to ensure good contact with the compression platens. 
Printed specimens are tested in an Instron 5566 load frame (Instron, 
Norwood, MA) at a nominal rate of 2.0 × 10 −4  s −1 . Strain in the samples 
is measured using the Instron Advanced Video Extensometer (AVE). 
Reported tensile properties represent an average of at least three samples.  
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