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Abstract—For robots to interact safely with humans and
travel with minimal weight, low-density packable actuators
are sought. Electronically-driven active materials like shape
memory wire and other artificial muscle fibers offer solutions,
but these materials need a restoring force. Moreover, if joint
bending is required, the actuators must exert a bending moment
around the joint. In this paper, we model the three-dimensional
shapes of strained elastic surfaces with adjustable-modulus
edges (SESAMEs), then implement SESAMEs by machine
embroidering shape memory alloy wire onto stretched elastic
fabric, showing a path to lightweight actuators that exert
bending forces and have built-in restoring forces. SESAMEs
start out planar, and upon release from the plane take on three-
dimensional shapes thanks to the balance between bending
energy in the boundary and strain energy in the elastic surface.
The elastic creates both a restoring force to bring the boundary
back to its original shape after actuation, and an out-of-plane
structure for applying a bending moment. We demonstrate
SESAMESs’ properties as soft robotic actuators individually
and in arrays, and coupled to flexible plastic frames during
the planar fabrication process as bending actuators to switch
bistable mechanical structures.

I. INTRODUCTION

Actuators that can exert bending forces are plentiful in
the natural world, making insect joints move and plant
stems curl. These systems typically operate by differen-
tial expansion of one layer relative to another, caused by
swelling or shrinking of cells driven by biological signals
[1], [2]. Soft robotics researchers have taken cues from
nature, developing a wide variety of inflatable actuators [3]—
[5]. But because pressure sources add bulk and complexity,
there is an ongoing search for electronically-driven actuator
systems, including shape memory materials, liquid crystal
elastomers, and dielectric elastomer actuators. Most of these
efforts originate with wires or foils and films that are shaped
into three-dimensional (3D) actuators by embedding wires
into sheets wrapped around objects [6], cutting and applying
foils [7], or layered 3D printing of active materials [8], [9].
Other technologies such as dielectric elastomer actuators
made from thin films stretched on frames [10] use stress
integrated during fabrication to produce final 3D shapes that
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can apply bending moments to other structures. This paper
is in the latter category: we attach a stretched elastic fabric
to a frame that is initially planar, but when released from
the surface, responds to the elastic forces by bending. Unlike
dielectric elastomer actuators, where the focus is on changing
the tension of the stretched film by applying an electric field,
our focus is on changing the elastic modulus of the boundary.
A high-modulus boundary resists bending, staying flat and
keeping the elastic film stretched. A low-modulus boundary
bends, allowing the elastic to shrink back toward its original
length. Materials such as shape memory alloy wire, shape
memory polymer, drawstrings and tendons, and jamming
structures such as beads on a string, all have an effective
modulus that one can adjust to reprogram the shape of these
structures. This paper first discusses the general problem
of shape-finding for these structures, then implements them
using shape memory wire embroidered around the edge of
strained elastic fabric (Fig. 1) and investigates their force
production, bending, and curvature-changing properties.

c. release from sheet
low-modulus boundary

b. apply boundary

a. stretch sheet

Fig. 1. a. Stretching, b. framing, and c. release of SESAME surfaces with
low and high elastic modulus materials for the boundary.

Much of the interplay between the energetics of a stretched
surface and a flexible boundary can be described using ideal-
ized models. Giomi and Mahadevan [11] studied soap films
bounded by a flexible boundary empirically, analytically,
and computationally. They consider a soap film spanning
a flexible boundary of fixed length characterized by the
surface tension of the film, length of the boundary, and its
bending rigidity. A single dimensionless parameter describes
the ratio of surface tension to bending rigidity normalized
by the length. For small value of this parameter, the surface
energy is much less than the boundary energy, and a flat
surface spans the constant-curvature, circular boundary. At
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the other extreme with surface energy dominating the bound-
ary energy, the boundary is elongated and the equilibrium
shape has buckled to exhibit out-of-plane deformation. Chen
and Fried [12] carried out a stability and buckling analysis
for this system. Majid [13] considered the same system
with a different numerical approach and also observed a
transition from planar to out-of-plane deformation as well
as a regime where self-intersecting solutions occur as the
boundary increasingly bends out of plane.

Giusteri et al. [14] study the so-called Kirchhoff-Plateau
problem and considered a soap film with boundary de-
scribed by the midline of a Kirchhoff rod. In this system
the boundary energy contains both bending and twisting
terms, and they prove the existence of energy-minimizing
solutions. Biria and Fried [15] characterize the buckling
modes of this Kirchhoff-Plateau system as its energetics vary.
The addition of boundary twist energy introduces a second
dimensionless parameter characterizing the system and an
additional buckling mode with a twisted boundary when the
torsional rigidity of the boundary is small relative to the
bending rigidity.

However, soap films differ from the strained elastic mate-
rials presented here. Perez studied Kirchhoff-Plateau surfaces
based on fabrics [16], describing bending of 3D printed
plastic lines that support stretched fabrics. Others in the
realm of architecture and design have created pop-up 3D
structures by similar means. Most are static shapes, but a
few have investigated thermal shape memory materials as
4D methods to evolve the 3D shape as conditions change
[17], [18]. These studies are the closest to the SESAME
concept presented here, where 3D shapes evolve by adjusting
the mechanical properties of the bounding frame instead of
changing the surface tension.

Others have made active Kirchhoff-Plateau type surfaces
using a passive boundary and changeable membrane stress.
Researchers have stretched acrylic elastomers over open
frames, including flexible frames cut from thin materials
that easily bend out of plane. The balance between strain
energy in the elastomer and bending energy in the flexible
frame produces three-dimensional (3D) shapes. When the
effective surface tension of the membrane is reduced by
applying electric fields to squeeze the membrane, the mem-
brane increases its surface area and the 3D shape flattens,
relieving its bending energy. This programmable surface
tension produces flapping motions and bending motions with
a large displacement. Compared to linear actuators, including
shape memory alloy springs embedded in fabrics [19] and
soft linear actuators such as coiled polymer fibers [20], [21],
the shapes and actuation paths here are complex. However,
dielectric elastomer actuator projects have laid some ground-
work for making practical actuators from these 3D energy-
minimizing shapes. Design lessons from the architectural
form-finding community are likely to apply to our work too.

Here we emphasize planar-to-3D construction using textile
fabrication methods instead of 3D printing or gluing films
to laser-cut frames. The advantages are mainly in speed,
automation, and availability of new materials that don’t work

with those methods. In this work, an industrial machine ties
the boundary to the elastic material without the adhesive
requirements of dielectric elastomer fabrication or the print-
ability requirements of 3D printed boundary methods. Archi-
tectural researchers have used a similar industrial embroidery
machine for tailored fiber placement in pre-strained elastic
producing 3D structures by patterning carbon fiber and then
infiltrating it with epoxy to selectively stiffen paths in the
elastic. When released, the 2D structure went out of plane to
produce dome-like and negative curvature shapes governed
by the fiber layout pattern [22].

The boundary material we use to demonstrate the
SESAME concept is shape memory alloy (SMA) wire. We
rely on its modulus change with temperature, rather than
aiming to recover a specific trained shape upon heating. Its
as-received trained shape is a straight line. In our previous
work [23], this material was coupled with other elastic bend-
able surfaces to control shapes by changing local curvature.

First we investigate the scaling rules for achieving 3D
shapes from a basic SESAME cell: a circular boundary
spanned by a stretched elastic film. Then, scaling rules are
tested by fabricating and measuring individual and arrayed
SESAME:s, and finally, their actuation properties are evalu-
ated alone and coupled with flexible plastic beams to drive
a multistable structure.

II. METHODS
A. Modeling And Validation

Simulation is used to explore the design space of a single
strained fabric and SMA wire SESAME actuator. We model
it as an elastic sheet spanning a flexible boundary. Since
the thickness of the fabric is much less than its other
dimensions, it is treated as a plate whose energy contains
separate stretching and bending terms [24]. The fabric’s
bending energy is proportional to the square of its mean
curvature, H, while its stretching energy depends on its
constitutive model. We treat the fabric as a St. Venant-
Kirchoff hyperleastic material, a good compromise between
simplicity and accuracy when modeling the mechanics of
textiles [25]. The fabric’s stretching energy then depends on
its Young’s modulus E, thickness ¢, Poisson’s ratio v, and
the Green-Lagrange strain E. The resulting energy functional
is given by

Est3 9 1 9
W/H dA—l—aEwij{ff dl
ey
where the third term describes the bending energy of a
boundary wire having a circular cross section, path curvature
%, modulus F,,, radius r,,, and moment I, = 7r?* /4. The
strain energy density for the fabric is

(TT(Ez) + 3
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The flexible but inextensible boundary is subject to the length
constraint
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which is enforced by a Lagrange multiplier and in practice
adds a stretching energy term for the wire boundary. The
fabric thickness ¢ is < L.

We use a dimensionless form of Equation 1

/dAf(E) + a/HQdA - 57{&11. 4)

« depends on geometric and material properties of the fabric
and is given by t?/6L*(1 — v?). B = E,1,/2EftL? is
the ratio of wire to surface moduli and is thus analogous to
the reciprocal of the dimensionless parameter in [11]. Large
[ means the boundary stiffness dominates, while small 3
means the elastic sheet can easily bend the boundary.

The Surface Evolver [26] is used to minimize the energy
in Eq. 4 for each geometric configuration. This software
was chosen because of its capability of modeling both
mechanical and geometrical energy functionals while hav-
ing built-in mesh refinement capabilities. With the Surface
Evolver we model systems with elliptical wire boundaries
parameterized by the eccentricity of the elliptical boundary
and the parameter . The reference configuration for each
modeled SESAME actuator is a homogeneously strained
fabric surrounded by a flexible, circular boundary in the z-
y plane. A 2D homogeneous strain is applied to stretch the
system uniformly in plane and random small displacements
are applied to the boundary out of plane. The elliptical wire
boundary is discretized into 20 segments which are each
joined by edges to the centroid of the ellipse to generate the
initial triangulation. This coarse initial triangulation is refined
twice by subdividing each triangle into 4 smaller triangles
with vertices added at each edge’s centroid. After refinement,
the energy of the system is minimized, and this refinement
followed by minimization cycle can be repeated until the
desired level of convergence is reached.

B. Fabrication

1) Shape memory alloy wire: Shape memory alloy (SMA)
wire was obtained from Nexmetal.com (Nitinol SMA Muscle
Wire, Nexmetal Corporation, Cheyenne, WY USA) with a
range of transition temperatures between the martensite and
austenite phase. A general rule is that the modulus of the
low-temperature martensite phase of Nitinol is about 1/3 that
for the high temperature austenite phase. We used values of
28 GPa for martensite and 75 GPa for austenite [27]. Since
SMA is difficult to solder, we made connections between
SMA and power wires by mechanical compression of thin-
walled crimp tubes.

2) Textile fabrication: To verify uniformity of stretching,
elastic fabric was printed with a 1 cm grid having 5 mm
sub-increments, with red lines along the ribs of the knit
(Sport Lycra, Spoonflower Inc., Durham NC, USA). We
measured the modulus of the fabric using a spring scale
and ruler, taking an average of the result in two orthogonal
directions, and using a micrometer to measure the thickness

of five stacked layers. All devices were made from the same
kind of fabric. Fabric properties are detailed in Table I.
Fabric pieces were stretched biaxially using four silkscreen
stretchers as shown in Fig. 1a, then captured on a magnetic
hoop (Mighty Hoop, Midwest Products, Inc., Germantown,
Wisconsin, USA) taped to a water-soluble film (Vilene,
Freudenberg Performance Materials, Weinheim, Germany)
that was clamped in the pantograph of an industrial embroi-
dery system (JCZA, ZSK Stickmaschinen GmbH, Krefeld,
Germany) with a tailored wire placement head that dispensed
SMA wire along computer-controlled paths.

3) Bending beam fabrication: Elastic beams and con-
straining beams were produced by cutting 0.015” (0.38 mm)
thick polycarbonate sheets on a computer-controlled cut-
ting machine (ScanNCut, Brother International Corporation).
Beams were connected to constraints and to other beams
using plastic rivet snaps.

C. Methods for testing SESAME properties

e 3D scans The SESAME surfaces’ three-dimensional
shapes were scanned using photogrammetry software
(ScandyPro app, ScandyCo, Louisiana, USA).

o Surface temperatures were measured using an infrared
camera (E6 infrared camera, Teledyne FLIR LLC).

« Joule heating of SMA wire was carried out using a DC
benchtop supply at voltages up to 18V and currents up
to 3A.

« In-plane force testing was done with a 20 N load cell
(Nextech Global Co., Ltd.) with the sensor and load cell
attached to an optical breadboard. Blocking forces were
measured following the procedure of Fig 3 in [10].

o Out-of-plane displacement was measured by video
analysis. Different loads were added to an acrylic slab
on top of 2D SESAME arrays during Joule heating, and
we measured the height of the underside of the slab
above the support surface.

o Cyclic actuation of bending segments was managed by
a microcontroller board (Arduino Uno) sending digital
signals to drive DC currents of up to 3A through NPN
transistors (TIP 120).

III. DESIGN AND IMPLEMENTATION
A. Modeling

We have minimized Eq. 4 for a range of systems with
circular boundaries and boundary flexural rigidities as de-
scribed above. We vary the parameter 8 from 0.01 to 0.25
in increments of 0.01, and the fabric strain € from 0 to 0.5
in increments of 0.02. Flat systems remain in the x-y plane,
so the difference Az between the maximum and minimum
z-component of boundary vertices provides a useful measure
of whether or not the system has buckled out of plane. Fig. 2a
shows Az as a function of 8 and e. As 3 increases, more
initial strain is required if the system is to buckle out of
plane. All the buckled systems computed in this manner are
qualitatively similar to the one shown in Fig. 2b. For small
[ and large strain, there is little resistance to bending from
the compliant boundary, and the surface may self-intersect
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Left: Contour plot of the boundary wire height vs 3 and the initial strain e. The circle, triangle, and square are for SESAME actuators with

B = 0.06. The black circle has strain ¢ = 0.3 and corresponds to the actuators fabricated in this work. Right: Initial (i) and minimized triangulations for
a system with e = 0.02 (ii, white square), 0.1 (iii, white triangle), and 0.3 (iv, black circle).

as its energy is minimized. The Surface Evolver does not
prevent this unphysical behavior, and the small region of
this behavior is indicated in Fig. 2.

In general, systems with greater initial strain exhibit more
curvature and thus a higher bending energy and larger Az
than those with smaller strains. Heating SMA-wire bounded
structures increases the boundary stiffness, increases [, and
leads to a flatter structure. For the systems fabricated in this
work, heating roughly triples the value of S and leads to a
smaller but nonzero Az. Fig. 2 indicates that systems with
smaller initial strain could flatten completely upon heating
due to this increase in .

B. SESAME Implementations

SESAMEs were constructed as individual loops (Fig. 1c)
and as two-dimensional arrays for measuring out-of-plane
forces. Lateral forces from a single loop were measured, and
arrays of SESAMESs were sandwiched around flexible plastic
beams for a bending actuator demonstration.

1) SESAME Arrays: Arrays of SESAMEs were created
using the method of Fig. 3a to produce a continuous electrical
path through a grid of circles. Polyester threads covered the
first half of the path in Fig. 3a prevented the junctions from
shorting out; refer to the inset in Fig. 1b for details. SESAME
arrays started out planar (Fig. 3b), and upon release and
removal of the water-soluble film, took on a 3D shape that
kept tangent edges of neighboring SESAMEs parallel (Fig.
3c). To study the scaling of SESAME structures, two types
of structures were created (Table I) using the same 30%
biaxially strained fabric. Large structures used thick wire,
and small had thinner wire. Keeping the ratio 5 constant by
adjusting the SESAME diameter led to similar 3D shapes

for the large (Fig. 3 b,d,f) and small (Fig. 3 c,e,g) designs
at different size scales.

TABLE I
PROPERTIES OF FABRICATED SESAME ARRAYS

Property large array | small array

Fabric strain e 0.3 same

Fabric Thickness ¢t (mm) 0.27 same
Fabric Modulus E; (kPa) 700 same
Wire Modulus F,, at 25°C (GPa) 28 same
SMA Transition Temp. (°C) 40 60
Loop Diameter dy (cm) 5.0 2.5
Wire Diameter d,, (mm) 0.5 0.3

When calculating the ratio 5 of bending energy to strain
energy, we considered the elastic modulus E,, to be similar
for both types of wire in Table I at the low end of the
temperature range, below the transition temperature for both
materials. Both types of structure also used the same fabric
and strain, so preserving 3 meant preserving I /L3. For circu-
lar loops of diameter dy, constant d2, /d3 will keep 3 constant
in the same strained fabric for the same boundary material. A
loop diameter dy of 2.5 cm was thereby calculated to make
small structures of 0.3 mm diameter wire have 3D shapes
similar to large ones made with 0.5 mm diameter wire and
dy = 5 cm. Measurements of the resulting array heights h
from scans in Fig. 3f and Fig. 3g produced a height-to-loop
perimeter h/mdy ratio of 0.14 for small structures and 0.15
for large structures, indicating good similarity. These results
are close to the value of 0.154 given by the model (black
dot on Fig. 2a).

2) Out-of-Plane Actuation with 2-D Arrays: Vertical
forces exerted by two-dimensional arrays were investigated
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Fig. 3. a. Layout for single-circuit SESAME arrays. b. A 5cm diameter
large array before releasing from the hoop. c. Photo of a 2.5 cm diam-
eter small array after release. d-g Orthographic perspective 3D scans of
fabricated arrays at 25°C: d. large structure overview, e. small structure
overview, f. large structure cross-section, g. small structure cross-section

for out-of-plane lifting (Fig. 4). Here, the small array design
of Table I and Fig. 3c was covered with a weighted acrylic
slab (40 g, compared to the array’s 3.9 g weight) and heated
by cyclic current as displacement was monitored. More than
50 percent of the height was recovered in the first ten seconds
after removing the current.

3) Lateral blocking force from a single loop: In-plane lat-
eral forces are useful for creating bending and fast snapping
motions. When neighboring SESAME cells push against
each other, a SESAME array will expand laterally, and if
tethered to a flexible but inextensible surface, the surface
will curl to permit the expansion. To investigate these lateral
forces, we evaluated the force exerted by a single large
SESAME actuator in Fig. 5, clamping it between a plate and
a force gauge with a fixed 2 cm distance slightly smaller than
its natural room-temperature saddle shape as illustrated in the
Fig. 5 side-view inset. With a 1.3 A applied current, the force
approached 0.5 N over a period of 45 seconds. Slow speed
is a typical issue for SMA applications. The force dropped
rapidly when the current was removed, likely due to heat
sinking of the saddle tips where they contacted the plate
and underlying table. Careful control of the SMA thermal
environment can increase actuation speed [28], and so can
connecting actuators to snapping and buckling mechanical
structures [29].

4) SESAMEs as Bistable Beam Benders: To demonstrate
bending motions originating from lateral forces, we sand-
wiched a plastic beam between a pair of linear SESAME
arrays as illustrated in Fig. 6a. Because forces were desired
only along the beam direction, we used the embroidery

T T T T T T
0 50 100 150 200 250 300 350

Time (s)

Fig. 4. Implementation of a 2-D SESAME array for out-of-plane actuation.
a. Low-temperature and b. high-temperature states. c. A low temperature
array supports a weight; maximum wire temperature is shown d.Heated
array lowers the weight. e. Height during cyclic application of 0.9 A heating
current at intervals indicated by gray bars.

 Current \ Current
'on (1.3 A off
051 ( )
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Fig. 5. Blocking force at 2cm for a single SESAME loop made from 0.5

mm diameter SMA wire with a 40 C transition temperature in a 30 percent
prestrained elastic fabric sheet with Scm loop diameter.
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Fabrication steps Snap-through
a. . inflection
points

Multistable structure actuation

Fig. 6. Bistable segments store mechanical energy from SESAME bending actuators. a: Fabrication using planar embroidery methods, b-f assembly into
bistable segments with inflection-point actuators, g. Snap-through curvature propagation mechanism, h. snap-through of a single segment in a chain.

machine to put a stripe of inextensible thread across the
center of each loop, preventing excessive sideways expansion
during heating. The sandwich was built on the embroidery
machine pantograph by putting an array of plastic beams
on top of a newly-sewn SESAME array, then applying a
previously-made SESAME array that was left clamped in
a hoop. Aligning everything in the flat state allowed the
machine to tie the opposing SESAME:s at their edges (yellow
stitching in Fig. 6b), creating an array of six beams with
SESAME sleeves. The sleeves were compressed to catch on
hooks (Fig. 6¢) constraining actuation to one half of the
beam, as shown in the side view (Fig. 6d), and squeezing
the structures to a narrower width than the elastic material
produced alone. Bistable structures were formed by attaching
length constraints to the beams (Fig. 6e) using plastic rivet
snaps. These snaps were also used to join the segments
in an array (Fig. 6f) producing a multisegment structure
modeled on a design from our earlier work, which showed
how to form arbitrary 2D shapes from chains of bistable
curved elements [30]. When the SESAME on the concave
side of a segment was heated, it expanded and caused snap-
through by changing an inflection point to a local curvature
maximum (Fig. 6g). Segments were supplied with 2.4 A for
approximately 1 second and powered off when they attained
the new state, reaching a maximum temperature of 65 C on
the powered side and 35 C on the unpowered side. Powering
the opposite side actuator put it back in the original state. The
bistable structure generated fast (40 cm/s) motions during
snap-through and captured energy injected into the system
during heating.

IV. DISCUSSION AND CONCLUSIONS

In this work we investigated scaling of strained elas-
tic sheets with compliant boundaries, developing a model

based on the parameter (3, the ratio of boundary to elastic
membrane moduli. The model was useful in scaling the
actuator diameter to achieve self similar shapes for two
different boundary wire diameters, even though it did not
account for boundary twisting or the anisotropic elastic
modulus of the stretched fabric membrane (in this case,
differing by 10 percent in two orthogonal directions). We
achieved out-of-plane and in-plane actuation by adjusting the
boundary modulus during runtime, demonstrated a SESAME
array lifting more than 10 times its weight, and applied the
concept in a bistable beam bending demonstration. Bistable
and multistable structures are emerging in soft robotics for
multiple reasons: their ability to retain a reconfigured shape
without power, their high peak forces and their fast snapping
motions [29], [31]-[36]. Designs are often inspired by plants
that couple cellular swelling with elastic properties [1], [37],
[38].

For these demonstrations, the boundary was SMA wire.
While SMA wire is easy to interface, it has high power
consumption and low bandwidth. Other methods to create
variable-modulus elastic lines could improve performance.
These include 1-D tendon-based jamming, other thermally
driven materials with phase transitions such as liquid crystal
elastomers and shape memory polymers in fiber formats,
liquid metal filled channels, and tubes with variable fluid
pressure. These flexible filaments would likely work with
the textile fabrication method used in this paper, which can
pattern materials up to a few millimeters in diameter. Other
modifications, like inextensible threads to control expansion,
will help tune the speed, force, and direction of these
actuators. A key advantage of this type of strain engineering
is the convenience and speed of building devices in a planar
format, only going 3D at the final release step.
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