1OP Publishing

Journal of Micromechanics and Microengineering

J. Micromech. Microeng. 25 (2015) 085004 (8pp)

doi:10.1088/0960-1317/25/8/085004

Self-folding with shape memory composites

at the millimeter scale

S M Felton, K P Becker, D M Aukes and R J Wood
Harvard University, 60 Oxford st, Cambridge, MA 02138, USA
E-mail: sam@seas.harvard.edu

Received 20 January 2015, revised 16 April 2015
Accepted for publication 19 May 2015
Published 14 July 2015

®

CrossMark
Abstract
Self-folding is an effective method for creating 3D shapes from flat sheets. In particular, shape
memory composites—Ilaminates containing shape memory polymers—have been used to self-
fold complex structures and machines. To date, however, these composites have been limited
to feature sizes larger than one centimeter. We present a new shape memory composite capable
of folding millimeter-scale features. This technique can be activated by a global heat source
for simultaneous folding, or by resistive heaters for sequential folding. It is capable of feature
sizes ranging from 0.5 to 40 mm, and is compatible with multiple laminate compositions. We

demonstrate the ability to produce complex structures and mechanisms by building two self-

folding pieces: a model ship and a model bumblebee.
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1. Introduction

Origami-inspired engineering is a versatile field with a range of
applications. It can be used to deploy complex machines such
as folding satellites [1] and solar arrays [2], create stiff, light-
weight structures [3], or build sophisticated mechanisms by
approximating springs, joints, and rigid elements [4]. It’s also
an effective means of manufacturing inexpensive machines [5]
and devices too small for traditional machining [6].

One branch of this field is self-folding—a fabrication
technique in which a flat structure bends itself along hinges,
resulting in three-dimensional features [7]. Self-folding has
two general categories of applications. The first is in the
assembly of structures that are difficult to reach and manipu-
late. Examples include self-folding inside the body [8], in space
[1], or at sizes that are too small for manual manipulation [9].
The second application is to speed up and parallelize foldable
structures. For example, a manually folded robot can take up
to one hour to fold by hand [5]. A similarly sized self-folding
robot can fold itself in approximately five minutes [10].

Various self-folding methods have been demonstrated,
actuated by different physical forces including electro-
statics [11], differential stress [12], polymer swelling [9, 13],
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pneumatic pressure [14], and shape memory effects [15,
16]. Each is suited to different applications. For example,
Malachowski et al. used differential stress to activate in vivo
cell grippers because the sacrificial layer could be dissolved in
biofluids [8]. Keller used a shape memory alloy to create wires
that could tie themselves into knots because each fold could
occur in succession [17].

Shape memory composites are self-folding laminates that
have been used for creating relatively complex shapes and
dynamic machines [10, 18]. Shape memory composites con-
sist of one or more layers of a shape memory polymer (SMP)
laminated with one or more structural layers [19, 20]. The
SMP is activated by heating, either by light [21], joule heating
from embedded resistors [19, 21], or an oven [20, 21], and
this induces a contractile stress in the SMP. The substrate is
mechanically weakened along hinge lines so that when the
SMP contracts and pulls on either side of the hinge, the sub-
strate can fold along the line. This technique has been used to
self-fold structures and machines at length scales from 3 to
20cm [10, 19]. It is capable of both sequential and simulta-
neous folding, and the laminate construction means different
materials can be integrated into the structure [22]. However,
these composites are unable to fold features less than one
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centimeter in length. On smaller faces, the SMP delaminates
from the substrate, preventing folding. We have conducted
preliminary research into a new composite that can fold
hinges as small as one millimeter [23]. However, the hinges
in this composite had to be activated simultaneously due to
uniform heating. Additionally, the adhesive used to bond the
layers was not adequate, resulting in delamination and impre-
cise folds.

When selecting a self-folding method for fabrication, there
are two major capabilities to consider. The first is whether the
method allows for sequential folds. Generally, simultaneously
folding all hinges is more reliable, but sequential folding
allows for more complex geometries, especially if the folded
structure is mechanically coupling to another feature, such as
a tab locking into a slot or over a motor shaft [10, 19].

The second capability is the range of length scales that can
be folded. The maximum face length limits the overall size of
the self-folding structure, while the minimum face size limits
the spatial resolution. In addition to absolute size limitations,
the ratio between maximum and minimum feature size is
important because it correlates with machine complexity. If
the maximum length defines the maximum structure size and
the minimum length defines the minimum feature size, the
ratio indicates the density of features that can be built into the
structure.

Previous shape memory composites have only demon-
strated a feature length range of 10 to 100mm [10, 19]. This
limited the complexity and minimum size of self-folded
devices. In this paper we present an improved shape memory
composite capable of folding faces at length scales ranging
from 0.5 to 40mm. This is accomplished through thinner
materials, new machining techniques, new adhesion layers,
and additional structural layers to prevent delamination. The
size reduction of the composite results in a more favorable
torque-to-weight ratio, which allows us to experiment with
new design parameters. We demonstrate simultaneous folding
of an aluminum-based composite activated by a hot plate,
and sequential folding of a composite based around a glass-
reinforced epoxy (FR-4) and activated by internal resistive
heating. We compare the minimum feature size and angular
resolution of these designs and demonstrate their efficacy with
a resistively heated model ship and a uniformly heated model
bumblebee.

2. Design and fabrication

The composite consists of three different materials in seven
layers (figure 1). In the middle is the flexural layer, a 7.5 pm
thick polyimide film (440, Chemplex). On either side of
the flexural layer is a sublaminate consisting of the con-
tractile SMP, polyolefin (DU-POF-1000-8, US Packaging
and Wrapping), sandwiched between two substrate layers.
The layers are bonded together with 5 pm thick acrylic tape
(82600, 3M).

Folding is triggered by heat. When an unconstrained
SMP sheet is heated above its transition temperatures, it
contracts bidirectionally to 25% of its original length and
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Figure 1. The self-folding composite consists of three functional
materials comprising seven layers: the substrate, the polyolefin
shape memory polymer (SMP) and the polyimide flexural

layer. These are bonded together with an acrylic adhesive. This
composite can be programmed with self-folding hinges (a).
Folding is induced by activating the SMP, causing it to contract
(b). The composite can also be programmed with passive hinges
that can bend repeatedly (c) and (d). This figure is adapted from a
previous publication [23].

width. However, when embedded in the composite, the
SMP is fixed in place by the substrate except along the
self-folding hinges, where the SMP is exposed and allowed
to contract. This contraction exerts a torque on the hinge,
causing it to bend. We can activate this process by supplying
heat from an external source, such as a hot plate, or we can
embed resistive circuits along each hinge. When we supply
these circuits with current they produce heat and locally
activate the SMP.

In order to create a self-folding hinge, layer-specific fea-
tures are machined into the composite (figures 1(a) and (b)).
On the concave side of the fold, a gap is cut into both substrate
layers to expose the polyolefin and allow it to contract. The
width of this gap varies between 0.2 and 1.8 mm, and is cor-
related with the final fold angle. On the convex side, a line
is cut through the substrate and polyolefin layers so that the
flexural layer can bend freely. A passive hinge has similar fea-
tures (figures 1(c) and (d)). A gap is cut in every layer except
the flexural layer. In this case, the gap width affects the hinge
stiffness and maximum bend angle.

The substrate can be any sufficiently stiff material. In our
devices we use two different substrates: aluminum (1145-
H19) in the uniformly heated structures and FR-4 (FR408HR,
Isola Group) in the resistively heated structures; in both
cases the substrate is 50 um thick. Aluminum was chosen for
the uniformly heated structures because of its high stiffness
and high thermal conductivity (170 W m~'K~"). This enables
the entire structure to maintain a uniform temperature even
when parts of it lose contact with the hot plate, ensuring
that folding continues over the entire structure. In contrast,
FR-4 is used in the resistively heated structures because of
its low thermal conductivity (0.4W m™'K~"). When folding
sequentially, insulation is necessary between adjacent folds
to prevent the heat from one hinge from prematurely acti-
vating another.

In order to compare the thermal dynamics between sub-
strate materials, we developed a thermal finite element model
of two composites, one made with aluminum and one with
FR-4. The simulation assumed each hinge was generating heat
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Figure 2. A thermal finite element model of the hinge was built
in order to determine the temperature profile of the SMP when the
hinge is internally heated to 150 °C. The solid line indicates the
temperature profile of the polyolefin when the substrate is FR-4,
and the dashed line is the temperature profile when the substrate is
aluminum. A diagram of the model hinge is shown below at scale
with the graph, and below that a section is blown up to illustrate
the hinge geometry. In this figure, the shaded region indicates the
volume of the hinge which is generating heat.

at a constant rate, and the polyolefin temperature at the center
was approximately 150 °C after 20 s. The temperature profile
of the SMP layer orthogonal to the hinge in both situations is
shown in figure 2. In the aluminum substrate, the temperature
five millimeters from the hinge only dropped to 145 °C, while
in the FR-4 substrate the same location is 21 °C. The transition
of an SMP often occurs over a 30 °C range [24], so a differ-
ence of at least a 30 °C between hinges would be necessary in
order to achieve sequential folds.

If the structure requires an embedded circuit, either for
resistive heating or for its final function, a copper trace is
included on the flexural layer. Copper is used in the devices
presented here because it is flexible, easy to sputter coat, and
has adequate resistivity for our trace geometry. The copper
layer is approximately 200 nm thick; however, we found that
our sputtering rate varies between 90 and 200 nm min~', so the
trace thickness varied commensurately. In most hinges (and
unless otherwise noted) the resistive portion of the trace is
800 um wide and runs coincident to the midline of the hinge.

The composites are assembled in steps alternating between
laser machining with a diode pump solid-state laser (DC150H-
355, Photonics Industries) and bonding (figure 3). First, the
two top substrate layers (T1, T2) and the two bottom substrate
layers (B1, B2) are prepared by applying the tape to both sides
of two layers (T1, B1), and one side of the other two (T2,
B2). The tape backing is left on the outer sides of the tape.
The features exclusive to the substrate are then machined into
the layers. This step uses two different cut patterns: one cut
pattern for the substrate layers of the top sublaminate (T1,

T2), and one for the layers of the bottom sublaminate (B1,
B2). After machining, the polyolefin layers are bonded to T2
and B2 and machined again to remove the polyolefin at the
alignment holes. Layers T1 and B1 are then pin-aligned and
bonded to the other side of the polyolefin, resulting in the
top sublaminate (TS) and bottom sublaminate (BS). Each is
machined with another cut pattern, removing material from
both the substrate and polyolefin layers. At this point there is
adhesive on one side of the TS and BS sublaminates.

Making the flexural circuit layer requires four steps. First,
the flexural thin film is rolled onto a piece of Gel-Pak (WF
Film, Delphon Industries), which keeps it flat during han-
dling. A mask made of Gel-Pak is cut with the circuit trace
pattern and applied with pressure to the flexural layer. It is
then sputter-coated with copper for a total of 110 s until the
copper layer is approximately 200nm thick, after which the
mask is removed and alignment holes are machined in both
the flexural layer and supporting Gel-Pak. If the flexural layer
does not include a circuit, the thin film is still attached to
the supporting Gel-Pak and machined, but is not masked or
sputter-coated.

Once the flexural layer is prepared and the two sublami-
nates are machined, the TS sublaminate is pin-aligned and
bonded to the exposed side of the flexural layer. The sup-
porting Gel-Pak is then removed, and the BS sublaminate is
aligned and bonded to the other side. The complete composite
is then machined with the release cut pattern, resulting in the
final planar structure. This structure is pressed with approxi-
mately 2.5 MPa for 45 min. For our resistively heated samples,
the composite is secured to a glass slide with double-sided
tape and the exposed traces are connected to copper pads with
conductive epoxy (8331-14G, MG Chemicals).

3. Model and results

3.1. Maximum feature size

The maximum face length is generally limited by the torque
of the hinge, which must overcome the force of gravity on
the folding face. We use a previously published model to pre-
dict the maximum face size a self-folding hinge can lift [23].
This model assumes that the forces and mechanical behavior
of the SMP are quasistatic. We make this assumption because
the transient behavior of the SMP is difficult to model. These
polymers generally exhibit viscoelastic behavior and undergo
large strains, exceeding their linear elastic regime [25]. In
addition, their behavior is sensitive to temperature changes,
especially within the range over which it transitions from
a glass to a rubber phase [24]. In our application the SMP
is heated through the transition temperature range quickly
(5 to 10 s) and the folding motion usually occurs during
the same period, so we ignore the transient material prop-
erties. Because of this, we treat the folding as a quasistatic
process, and model the SMP, once activated, as if it is in a
completely rubber phase with temperature- and time-inde-
pendent behavior. The stress-strain relationship of the SMP
in this state is presented in appendix A. Because of our quasi-
static assumption and experimental observations, we can also
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Figure 3. Fabrication occurs in sequential steps alternating between laser machining and bonding layers together.

assume that if the hinge begins to fold, it continues to fold to
completion (appendix B). Therefore, we are primarily inter-
ested in whether the torque exerted by the SMP in the flat state
is enough to overcome gravity and start the folding motion.

The torque induced by the SMP and the weight of the
folding face are both linearly proportional to the width of the
face, so the ratio between the two is independent of the face
width. The torque per meter of hinge length M exerted by the
SMP is a function of the contractile stress o, the thickness 1,
and the distance §; of the SMP from the bending point. The
moment due to gravity per meter hinge length M, is propor-
tional to the mass m; of the face and the distance dy between
the hinge and the center of mass of the face. These values are
a function of the area density p,, length Ly, and shape of the
folding face. Equations (1)—(6) solve for the maximum face
length L,y that can be folded with our composite, assuming
a rectangular face.

M; = t, 66 (1)
dp = L¢l2 )
my = pyLy 3
M, = g mydy 4
Ly, = Lnax ©)

Lax = J21t,06 8/g py (6)

py 1s the sum of the density of each layer multiplied by its
thickness. n is the total number of layers, and p; and #; are the

density and thickness of the ith layer, respectively. In our com-
posite, py depends on f, the polyolefin density p,, the substrate
thickness f; and density p,, the polyimide thickness #, and den-
sity p;,, and the adhesive thickness #; and density p;. J; is the
distance between the SMP and the flexural layer.

n
p= Dot %)
= 4pts + 2p,tp + pptn + 6p,ta (8)
O = ts+1p/2 + 1,12 + 215 9)

One difference from previous models of shape memory com-
posites is that this paper refers to the contractile stress of the
polyolefin. Previous papers referenced the Young’s modulus
of the SMP and shrink ratio to calculate the contractile stress.
However, the mechanical behavior of shape memory poly-
mers can be nonlinear, so it is more accurate to measure the
contractile stress directly during transition. This stress was
measured to be 5.1 + 0.3 MPa (appendix A). Other measured
values and the expected maximum face lengths for each com-
posite are given in table 1.

We built aluminum test hinges that were 30 mm wide and
of varying lengths (30mm, 40mm, 50mm, and 60 mm) to
confirm our predictions. These hinges were activated on a hot
plate (97042-574, VWR) set to 130 °C. The 30 and 40 mm
long faces folded to completion in approximately 15 s, judged
by observing a fold of more than 90°, at which point gravity
no longer limits the fold angle. The 50mm and 60 mm long
faces took approximately two minutes to stop moving, and
neither folded to completion. The 50mm face stopped at
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Table 1. Measured and calculated values for determining maximum
face size.

Value Symbol Value Units
Contractile stress c 2.5 MPa
Density of polyolefin Pp 1000 kg m™3
Thickness of polyolefin 7, 25 Um
Density of polyimide i 1400 kg m™3
Thickness of polyimide 7.5 Um
Density of adhesive I 1200 kg m™3
Thickness of adhesive 5 Um
Density of aluminum Pal 2700 kg m™3
Density of FR-4 Pte 1400 kgm™3
Thickness of substrate 50 Um
Area density of 2 636 gm2
aluminum composite

Area density of FR-4 pr 467 gm™2
composite

Lever arm S5 76 Um
Torque per meter M; 9.7 mN-m m™!
Max face length— L nax 56 mm
aluminum

Max face length—FR-4 L.« 65 mm

approximately 46°, and the 60 mm face stopped at approxi-
mately 32°. These results underperform our model, which
predicted a maximum face length of 56 mm. We believe that
this could be due to two factors. Our model ignores the vis-
coelasticity of the polyolefin in its rubbery state, but the stress
relaxation could be a significant part of the material behavior
at higher loads. The other possibility is that the higher loads
caused the layers in the hinge to delaminate, changing the
hinge geometry and blocking folding. In the 50mm and
60 mm samples we can see signs of delamination, as well as
contact between the two folding faces, suggesting that folding
stopped when the two sides collided (figure S4).

3.2. Minimum feature size

The minimum face size is generally limited by the ability of
composite to resist delamination. In order to determine a min-
imum feature size, we built experimental hinges with square
faces of variable lengths. We first built uniformly heated
hinges with an aluminum substrate and faces varying from 0.5
to 3mm long on a single sample (figure 4(a)). Each hinge had
a 400 um gap width. The completed sample was placed on a
hot plate set to 130 °C and left to fold for approximately one
minute. These faces all folded successfully. However, there
was a noticeable difference in angles, as larger faces folded to
sharper angles. We built resistor-heated hinges with FR-4 and
faces from one to three millimeters long (figure 4(b)). Smaller
faces were not possible because the size of the trace and sepa-
rating gaps were too fine for our masking process. Because of
the small size, the resistive traces were 400 um wide. These
faces also folded successfully when supplied with 100 mA of
current (using a 1666 BK Precision power supply). However,
they showed greater individual variation in final fold angle.
This is likely due to the differences in heat profiles at each

hinge; different sized hinges have different edge effects where
the traces enter and leave the hinge line. In this case, the
smaller faces folded at a lower current than the larger faces.
When the current was increased to activate the larger faces,
the increased heat led to delamination in the smaller faces.

3.3. Angular control

We used another previously published analytical model to
predict final fold angle based on the gap width [23]. This
model assumes that the folding stops when the corners of the
substrate on either side of the hinge come into contact, pro-
ducing a quadrilateral (figure 5(a)). Therefore, the fold angle
@ is a function of the ratio of the gap width w and composite
thickness ¢ and is defined by equation (10).

6 = 2 arctan (w/t) (10)

We built experimental hinges consisting of square faces five
millimeters long, attached to a stationary base face. These
hinges had gap widths of 0.1, 0.2, 0.4, 0.6, 1.2, and 1.8 mm
wide. They were supplied with 180 to 250 mA of current for
20 to 60 s, until folding was completed. This variation is due
to the variable resistivity of the heating trace.

The measured fold angles can be seen in figure 5(b) as a
function of gap width, along with the analytical model. The
model overestimates the final fold angle; we believe this may
be due to the substrate increasing in thickness as the SMP
contracts and thickens. A thicker composite results in the two
faces coming into contact sooner and stopping the folding
process prematurely.

We created more experimental hinges with the same geom-
etries and 0.4 mm gap widths. One of these pieces was made
with aluminum, and the other was made with an FR-4 sub-
strate, but without the copper traces. Both were uniformly
heated on a hot plate set to 130 °C for approximately 15 s.
The uniformly heated FR-4 hinges folded to a final angle of
82° with a standard deviation of 1°. This demonstrated more
precision than the resistively heated hinges with the same gap
width, which had a mean final angle of 90° with a standard
deviation of 6°. The aluminum hinges folded to a mean final
angle of 122° with a standard deviation of 5°. This increase in
angle may be due to the increased rigidity of the aluminum,
which would better constrain the polyolefin. Constraining the
polyolefin would prevent it from thickening, which in turn
would keep the composite thickness from increasing. The
standard deviation of the aluminum hinges was less than the
standard deviation of the resistively heated hinges with a sim-
ilar mean fold angle; the resistive hinges with a 0.6 mm gap
folded to an angle of 121° + 8°.

3.4. Demonstration structure: ship

We designed a structure resembling a miniature ship to dem-
onstrate the complexity of a structure folded sequentially via
resistive heating (figure 6). This structure assembled through
two sequential folding steps (see supplementary video at
stacks.iop.org/JMM/25/085004/mmedia). The first folds cre-
ated the hull of the ship and were activated with 220 mA of
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Figure 4. Experimental pieces were built with square faces of variable length to determine the minimum feature size that could be self-
folded. (a) A composite with an aluminum substrate was activated by uniform heating from a hot plate, and folded faces from 0.5 to
3mm in length. (b) A composite with an FR-4 substrate was activated through resistive heating, and successfully folded faces one to three

millimeters in length.

(b) 200;
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Figure 5. (a) A model for predicting final fold angle based on hinge geometry was developed based on the assumption that folding stopped
when the two faces came into contact. The fold angle 0 is dependent on the composite thickness 7 and the width of the gap w cut into the
substrate. (b) € was measured as a function of w (solid line, N = 8, error bars indicate standard deviation). These results were compared to

an analytical model (dashed line) shown in equation (10).

(@ (b)

Figure 6. (a) The flat composite programmed to fold into a ship-like structure. (b) The ship after the hull is folded in first folding step. (c)

The ship after the sails are folded in the second folding step.

current. The second set raised the sails and was activated with
160 mA. Each step took approximately 20 s. We believe the
difference in activating currents may be related to differing
thermal profiles in the hinges. The hinges ranged in length
from 3 to 13mm in length, and included both mountain and
valley folds.

3.5. Demonstration structure: bumblebee

We designed and built a structure that resembled a bum-
blebee to demonstrate that uniform folding could produce

static structures and dynamic mechanisms (figure 7). The
bumblebee assembled during a single folding step (see sup-
plementary video at stacks.iop.org/JMM/25/085004/mmedia)
that was activated by a hot plate set to 130 °C. Assembly took
eight seconds. This structure includes a self-folding Sarrus
linkage which comprises the ‘body’ of the bee, and wings
that are attached to the body via passive hinges. The wings
can be actuated by pushing on tabs in the body of the bee.
The Sarrus linkage is a single degree-of-freedom mecha-
nism which allows two surfaces to move towards or away
from each other while constraining them to remain parallel.
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Figure 7. (a) The flat composite programmed to fold into a bumblebee-like structure. (b) The bumblebee after folding. (c) the bumblebee

with its wings raised.

This linkage is particularly significant because it forms the
basis around which Pop-Up Book MEMS [6, 26] devices are
designed, indicating that the self-folding technique presented
here is compatible with Pop-Up Book MEMS and could be
used to actuate the assembly process. The self-folding hinges
ranged in length from 8 to 15mm in length, and included
both mountain and valley folds. The passive hinges were each
three millimeters long.

4. Discussion

The self-folding technique presented here demonstrates a
way to automate the assembly of structures and machines.
This technique is appropriate for features from 0.5 to 40 mm
long and is compatible with different materials and activation
methods. This is a relatively inexpensive and fast process.
For uniformly activated hinges, the only significant piece of
equipment needed is a laser cutter with an appropriate resolu-
tion. For mass production, the cutting step could be replaced
with stamping. Resistively activated hinges also require a
means to fabricate the trace, but this was performed without a
cleanroom or any hazardous materials.

Previous electrically activated hinges demonstrated an
average standard deviation of 6° for hinges folded up to 120°
[10], while this new composite exhibited an average standard
deviation of 5° for hinges across the same range. It is also
capable of achieving a maximum fold angle of 159°, in compar-
ison to a maximum angle of 118° for the previous design [10].

Many centimeter-scale devices are built using folding
techniques, including robots [6] and medical tools [27], and
this self-folding composite can automate the process. Other
devices, such as microfluidic reactors [28] and biochips [29],
require ‘ship-in-a-bottle’ geometries, in which one struc-
ture is embedded inside another. Self-folding can be used to
assemble a structure even when it is unreachable.

Our results indicate that geometry is not sufficient for pre-
dicting hinge behavior. Aluminum hinges exhibit greater fold
angles than FR-4 hinges with similar gap widths, which we
believe is due to their greater stiffness. In addition, uniformly
heated hinges demonstrate greater precision and smaller faces
than equivalent resistively heated hinges. This variability may
be due to their thermal behavior. These hinges have variable
temperature profiles depending on their trace geometry, hinge

size, and sputtering process. When this issue is combined with
the heat sensitivity of the composite, it can result in delamina-
tion and inaccurate fold angles. For instance, the polyolefin
used in these experiments has a nominal transition temper-
ature of 130 °C, yet the adhesive has a nominal maximum
operating temperature of 150 °C, resulting in a narrow opera-
tional range for the composite. If the current is too low, some
faces might not fold completely, and if it is too high, other
faces might delaminate. When faces delaminate, the joint
stops programmed into the composite via gap width are no
longer reliable. Unfortunately, the thermal dynamics of these
anisotropic systems are difficult to predict. For our experi-
ments the appropriate current for each sample was determined
experimentally.

This issue could be corrected by selecting new materials
with different thermal properties, or by adjusting individual
features of each hinge, such as the supplied current or the trace
width. These adjustments would benefit from a thorough char-
acterization of the SMP, the thermal dynamics, and the hinge
behavior. The uniformly heated hinges were more precise, but
there was still angular variation depending on the hinge length,
which also warrants further investigation. Further work can
also characterize the mechanical properties of the hinges once
folding has ceased. These hinges, while nominally static after
cooling, are actually noticeably compliant.

A hot plate was used in these experiments, but this equip-
ment could be replaced with other methods of global heating.
Previous methods have already demonstrated that an oven is
capable of activating self-folding [20]. Even in an oven, con-
duction is the primary mode of heat transfer, so the thermal
dynamics would be similar to those on a hot plate [23].

It is worth noting that the minimum folded feature length
(0.5mm) is close to the thickness of the composite (0.3 mm).
To increase feature resolution, we could combine self-folding
with other micromachining techniques. These techniques gen-
erally involve etching features into a flat material, so they can
only produce features as tall as the thickness of the raw mate-
rial. In the case of our composite, these techniques could be
used to machine features into the surface of the composite up
to 0.3 mm in height, while features greater than 0.5 mm could
be self-folded. Only features with heights between 0.3 mm
and 0.5 mm would be unmachineable by either method.

The folding nature of this method means that it is com-
patible with computational tools such as Origamizer [30]
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and popupCAD [31], as well as mesoscale manufacturing
techniques such as Pop-Up Book MEMS [6, 26]. We used pop-
upCAD to design the bumblebee; this has demonstrated the
potential of folding-focused computer design tools to speed
up our prototyping process. Further work could automate the
generation of sequential folding steps, trace patterns, and the
control system to supply the necessary currents. We are also
interested in integrating electromechanical components such
as actuators and sensors into our self-folded mechanisms to
produce autonomously folding machines.

By scaling shape memory composites down, integrating
new materials, and demonstrating pop-up style folding, these
results represent a link between self-folding techniques and
fold-based mesoscale manufacturing. Because of the sim-
plicity of fabrication and flexibility with regards to materials
and geometry, we believe that this is a valuable method for
creating self-folding structures and machines.
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