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We advance a paradigm of printed active composite materials realized by directly printing
glassy shape memory polymer fibers in an elastomeric matrix. We imbue the active composites
with intelligence via a programmed lamina and laminate architecture and a subsequent
thermomechanical training process. The initial configuration is created by three-dimension (3D)
printing, and then the programmed action of the shape memory fibers creates time dependence of
the configuration—the four-dimension (4D) aspect. We design and print laminates in thin plate form
that can be thermomechanically programmed to assume complex three-dimensional configurations
including bent, coiled, and twisted strips, folded shapes, and complex contoured shapes with
nonuniform, spatially varying curvature. The original flat plate shape can be recovered by heating
the material again. We also show how the printed active composites can be directly integrated with
other printed functionalities to create devices; here we demonstrate this by creating a structure that
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can assemble itself. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4819837]

Recent advances in additive manufacturing allow the
precise placement of multiple materials at micrometer reso-
lution with essentially no restrictions on the geometric com-
plexity of the spatial arrangement. Complex three-dimension
(3D) solids thus can be created with highly non-regular ma-
terial distributions in an optimal fashion, enabling the fabri-
cation of devices with unprecedented multifunctional
performance. In this letter, we exploit these advances, to and
introduce a paradigm of printed active composites (PACs, or
active composites by four-dimension (4D) printing in the
spirit of the recent developments of Tibbits,"* although our
work differs significantly in terms of the physical phenom-
ena at play and the emphasis on understanding them). We
directly print a composite from a CAD file that specifies the
fiber architecture at the lamina and laminate level. This pro-
cess has considerable design freedom to enable creation of
composites with complex and controllable anisotropic ther-
momechanical behavior via the prescribed fiber architecture,
shape, size, orientation, and even spatial variation of these
parameters. Our PACs are soft composites consisting of
glassy polymer fibers reinforcing an elastomeric matrix. The
glassy polymer fibers exhibit the shape memory effect’ and
we use this to create active soft composites where the glassy
polymer fibers serve as a switch to affect shape memory
behavior of the composite.8_11 In this manner, we imbue the
active composites with intelligence via the lamina and lami-
nate architecture and the thermomechanical training process.
The extreme case of our approach is continuous, spatially
varying material properties in a 3D domain, but here we limit
ourselves to fiber/matrix lamina and laminates; indeed, this
alone provides remarkable design freedom.

We start by creating printed lamina with prescribed fiber
volume fractions and orientations, and characterize their ani-
sotropic shape memory behavior. Guided by a nonlinear
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continuum theory that describes the behavior reasonably
well, we then design the stacking sequence of lamina in lam-
inates that can be thermomechanically programmed to
assume complex three-dimensional configurations including
bent, coiled, and twisted strips, folded shapes, and complex
contoured shapes with nonuniform, spatially varying curva-
ture. The original flat plate shape can be recovered by reheat-
ing the material. Finally, we use the PACs as hinges in a
printed architecture to enable a self-folding box.

We realize the PAC concept via the processing approach
shown in Figure 1(a). Briefly, we design the complete 3D
architecture of the fibers and matrix in a CAD file to yield
specific active behavior based on understanding developed
from theory and simulation and use a 3D multimaterial poly-
mer printer (Objet Connex 260, Stratasys, Edina, MN, USA)
to print the composite. We design the matrix to be an elasto-
mer and the fibers to be a glassy polymer with tailored ther-
momechanical, including shape-memory, behavior. The
printing process works by depositing droplets of polymer ink
at ~70°C, wiping them into a smooth film, and then UV
photopolymerizing the film.'* This process results in a film
that contains matrix and fiber material at an in-plane resolu-
tion of 32—64 um, depending on the printing resolution. The
complete composite architecture is then realized by printing
multiple film layers to create an individual lamina and ulti-
mately multiple layers to create the 3D laminate.

We design PACs that exhibit the shape memory effect
over the range from 77 =15°C to Ty =060°C. We use an
elastomeric matrix in our work that has a glass transition tem-
perature T, ~ —5°C and behaves as a rubbery solid between
10 and 100 °C with a modulus of ~0.7 MPa at 15 °C (it varies
linearly with the change of temperature, and E; = 3nkT with
n=5.1x10*m? and k is Boltzmann constant). The fibers
have a modulus of 3.3MPa (13.3MPa) at Ty (T1) and
T, ~ 35°C (supplementary material, Figure S1).*” As a result,
during a temperature cycle between 71 and Ty, the matrix is
always rubbery, while the fibers undergo a glass transition

© 2013 AIP Publishing LLC
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FIG. 1. (a) Schematic illustrating the
PAC printing process. The inkjet heads
move horizontally above the tray
depositing multimaterial droplets of
polymer ink at prescribed positions,
wiping them into a smooth film, and
then UV photopolymerizing the film.
After one film layer is completed, the
tray moves down to print the next
layer. (b) Schematic of a PAC lamina;
fibers are oriented at an angle 6 from
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x-direction (the loading direction). (c)
The storage modulus E; in x-direction
of the matrix (M), fiber (F), and the
composites from 60 °C to 15°C, along
with the modulus obtained from quasi-
static uniaxial tensile tests at 60 °C and
15°C (circles). (d) Theoretical esti-
mates of the relaxed modulus E, versus
fiber orientation, including experi-
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that enables their use as the switchable segment in the com-
posite. We printed composite lamina (2 mm thick) with a sin-
gle row of fibers (volume fraction vy = 0.28) oriented at an
angle 0 (=0°, 15°, 30°, 45°, 60°, 75°, and 90°) from the load-
ing (x-) direction (Figure 1(b)).

We measured the storage modulus E; of the matrix,
fiber, and the composites in x-direction with a dynamic me-
chanical analyzer (DMA) as a function of temperature
(Figure 1(c)). The matrix modulus decreases linearly with
temperature, consistent with rubber entropic elasticity; the
slight increase at 15°C is because this is close to the glass
transition region and continued decreases in temperature
result in large increases in E; (supplementary material,
Figure S1).%” The composites show an increasing modulus as
temperature decreases, with a large variation centered at
about 40 °C, which is associated with the glass transition of
the fibers. Considerable anisotropy exists, especially as the
fibers transition to the glassy state and stiffen. Also shown as
circles in Figure 1(c) are results for the modulus obtained
from quasi-static uniaxial tensile tests at 60°C and 15°C;
they are in good agreement with the DMA results. Complete
stress-strain curves are presented in supplementary material
(Figure S2a and b)?” and show linear response up to 1%
strain. In uniaxial loading at 15 °C, the fibers exhibit signifi-
cant stress relaxation, as do the composites with fiber-
dominated behavior (0 =0°, 15°); the matrix does not exhibit
stress relaxation and the composites with 0 > 30° exhibit lit-
tle stress relaxation (supplementary material, Figure S2c¢).%’
At 60 °C, none of the materials exhibit stress relaxation. The
relaxation contributes importantly to the shape memory
behavior of the composites.13 In fact, the relaxed modulus E,
is more relevant to the resultant fixity of a shape memory
material so in Figure 1(d) we plot the relaxed modulus (after
30 min) for each as a function of fiber orientation. Also
shown are theoretical estimates (solid lines) based on a
recent theory of fiber-reinforced elastomers (Guo et al. b
Lopez-Pamies et al.,'® deBotton er al;'’ supplementary
material).”” The theory describes the experiments well and
both show significant anisotropy in the response; in many
traditional composite applications this is not desired, but in

ments at vy = 0.28 (circles) at 15°C.

active composites, we can exploit this anisotropy as addi-
tional design freedom.

To exercise the shape memory effect (Figure 2(a)), we
deform samples at T3 = 60 °C which is above T, of the fibers
(~35°C) and then maintain the applied stress on the sample
while cooling it to 71, = 15 °C at a rate of 2 °C/min. At Ty, the
matrix is still in the rubbery state but the fibers have trans-
formed to the glassy state. During cooling, the strain decreases
slightly, due to thermal strain of the constituents. After hold-
ing the sample at 7} for a time sufficient to equilibrate the
strain (~5 min), we released the stress and observed elastic
unloading, the magnitude of which depends on the fiber orien-
tation. At this stage the composite is in its fixed configuration
and we characterized the degree of fixity by Ry = (&, — ¢r)/
(em — &), Where ¢, and g, are the axial strains before and
after the unloading step, and ¢ is the thermal strain at T
(supplementary material, Figure S2d).”’ Finally, we recover
the strain by heating the unconstrained sample at 2 °C/min to
60°C. Figure 2(b) shows the applied temperature and stress
cycle and Figure 2(c) shows the strain response for the com-
posites as well as for the fiber and matrix.

Figure 2(c) shows that there is significant anisotropy in
the shape memory behavior of the composites as a function of
fiber orientation; this is illustrated specifically for the fixity in
Figure 2(d). The fixity as a function of 0 follows the behavior
of the relaxed modulus E,, exhibiting a slight minimum at
0 ~ 45-60°. Predictions of a theoretical model, based on com-
bining models of hyperelastic composites with those describ-
ing the shape memory behavior of glassy polymers are in good
agreement with measurements for the shape memory cycle
(supplementary material, Figure S3a—g)*’ and fixity (Figure
2(d)). We note that the polymer fibers themselves exhibit
shape memory (R;~80%), while the matrix does not
(Rf =0%). Simulations show that fixity increases with
increasing fiber volume fraction as this provides increasing
stiffness to hold the composite in its prescribed deformation
state after cooling. For all volume fractions, the fibers are most
effective in terms of providing fixity when aligned with the
load, but this is at the expense of reduced strain for a fixed
stress.
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FIG. 2. Shape memory behavior of active composite lamina. (a) Schematic of a shape memory cycle. (b) Thermomechanical loading program for the shape
memory behavior of the active composite lamina. (c) Strain-time response of the v, = 0.28 composites (the inset denotes the matrix (M) and fibers (F)). (d)
Predictions of fixity versus fiber orientation are compared to experiments (circles).

We exploit the anisotropic shape memory behavior of
the active lamina to create PAC laminates in Figure 3. We
design laminates with varying fiber orientations and volume
fractions, and even allow these design parameters to vary
within a lamina, an aspect that can be readily achieved via
printing. Figure 3(a) shows the notional concept: a two-
layer laminate with a prescribed fiber architecture is
printed, then heated, stretched, cooled, and released. Upon
release of the stress, it assumes a complex temporary shape,
depending on the fiber architecture. Upon reheating it
recovers its original shape, a flat rectangular strip. Figure
3(b) shows an actual strip in its original shape and then
Figures 3(c)-3(h) show the results of this process with
strips that are nominally identical macroscopically, but
have differing fiber architectures. The laminates in Figures
3(c)-3(e) each have two layers of equal thickness (0.5 mm),
one of them has a fiber volume fraction of v, =0.25 and the
other is pure matrix (v =0), and 0=0°, 90°, and 30° in
Figures 3(c)-3(e), respectively. Both the §=0° and 90°

(a) Pure matrix material
\ = Start at Tq

Lamina

Stretc‘/

Cool to T.?‘g‘
-

Heat toTh

/ Unload
>

. 4

strips roll into coils, with the 0 =0° having a much larger
curvature due to the increased fixity of a 0 =0° lamina ver-
sus a 0 =90° lamina. In general, the magnitude of the cur-
vature depends on the composite geometries and properties,
the applied mechanical load, and the thermal history; all of
these are design variables. The strip with  =30° coils into
a helix due to the shear-tension coupling of the laminate;
theoretical explanations for this basic behavior can be
found in Chen et al.'® as well as Huang er al.'® The lami-
nates of Figures 3(f)-3(h) have alternating regions of seg-
ments with two layers, one with fibers (v =0.25) and the
other without fibers (v; =0). The ordering of the segments
is such that the fibers alternate from being in the top layer
and bottom layer along the strip. In Figure 3(f), the fibers
are at # =0° and so the strip assumes the shape of alternat-
ing bent segments, while in Figure 3(g), the fibers are at
0=0° in the top layer and at 0 =30° in the bottom layer
leading to a combination of bending and twisting of the
strip in alternating fashion. In Figure 3(h), the fibers are all

FIG. 3. Complex low-temperature
shapes of active composite laminates
obtained by design of the laminate
architecture. (a) A two-layer laminate
designed with one layer being a lamina
with fibers at a prescribed orientation
and one layer being pure matrix material
is printed, then heated, stretched, cooled,
and released. Upon release of the stress
it assumes a complex shape, depending
on the laminate architecture. When
reheating it then assumes its original
shape, a flat rectangular strip. (b) Shows
an actual strip in its original shape and
(c)—(h) show results of this process with
differing fiber architectures.
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FIG. 5. A self-folding and opening box fabricated by the printing PACs as
hinges connecting inactive plates of a stiff plastic. (a) Schematic of thermo-
mechanical protocol to achieve the self-folding and opening box. (b)
Photographs of the flat configuration folding to a closed box (i—vi).

at 0=0° but are patterned in segments along the strip of
different lengths that lead to a variation of curvature in
each segment.

Figure 4 shows an extension of this concept to realize a
shape with complex, nonuniform curvature, essentially a
sculpted surface. Here, a two-layer laminate (80 mm
x 80mm) is fabricated but the architecture of the fibers
includes a spatial variation in both its orientation and volume
fraction, to yield the desired curvature. Over each end of the
laminate 0=0° fibers exist at a volume fraction that varies
with position ranging from vy = 0.25 at the end of the laminate
to vy =0.14 toward the center of the laminate (the precise
layout is shown in supplementary material).?” The laminate is
antisymmetric, with respect to the planar dimensions. The sur-
face of the laminate has a randomly printed patchwork,
intended to be reminiscent of the interesting artistic and archi-
tectural forms created by 3D printing by Oxman.”® Unlike
that complex surface that was directly printed in 3D, ours was
created as a flat plate and then following our thermomechani-
cal protocol, it assumed the curved shape as a result of the fi-
brous architecture. While the patchwork pattern here is only
for aesthetic purposes, applications can be envisioned where
the pattern has functional purposes.

Finally, in Figure 5, we show how the printed active
composites can be integrated with other structural or

Appl. Phys. Lett. 103, 131901 (2013)

FIG. 4. A sculpted surface with a com-
plex, nonuniform curvature obtained
by design of the laminate architecture.
(a) Schematic of a flat laminate that is
stretched at Ty. (b) After cooling to Tt
and unloading, a desired complex, non-
uniform curvature is achieved.

functional components to create active devices. Here, two-
layer PACs were printed to serve as hinges with six stiff
plastic plates that are not intended to deform (the precise lay-
out is shown in supplementary material).>” After printing the
flat configuration shown, we heat and stretch it biaxially.
Upon cooling and release of the mechanical loads, it assem-
bles into the closed box as shown in Figure 5.

In this paper, we demonstrated the concept of printed
active composites and how they can be integrated with other
printed components of arbitrary geometry and functionality.
In our examples, we emphasized composites with glassy
fibers in an elastomeric matrix, however, one can extend the
concept to general spatial variations of materials properties
and use computational design tools such as shape and topol-
ogy optimization to design the layout of the materials in the
composite,”' >* as well as exploit instabilities to create large
configurational changes.?>*°
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