ABSTRACT
MAILEN, RUSSELL WILLIAM. Computational Modeling of Shape Memory Polymer

Origami that Responds to Light. (Under the direction of Drs. Mohammed Zikry and Jan
Genzer)

Shape memory polymers (SMPs) transform in response to external stimuli, such as
infrared (IR) light. Although SMPs have many applications, this investigation focuses on their
use as actuators in sétflding origami structures. Ink patterned on the surface of the SMP
sheet absorbs thermal energy from the IR light, which produces kxtaleating. The material
shrinks wherever the aecation temperature is exceeded acan produce owbf-plane
deformation. The time and temperature dependent response of these SMPs provides unique
opportunities for developing complex thréenensional (3D)structures from initially flat
sheets through selblding origami, but the application of this technique requires predicting
accurately the final folded or deformed shdp#&rthermore, current computational approaches
for SMPs do not fully couple the titreo-mechanical response of the material. Heree,
proposed nonlinear, 3D, therAv@scoelastic finite element framework was formulated to
predict deformed shapes for different delidling systems and compared to experimental
results for seHolding origam structures.A detailed understanding of the shape memory
response and the effect of controllable design parameters, such as the ink pattgrainpre
conditions, and applied thermal and mechanical fields, allows for a predictive understanding
and desig of functional, 3D structures.

The proposed modeling framework was used to obtain a fundamental understanding of
the thermemechanical behavior of SMPs and the impact of the material behavior on hinged

self-folding. These predictions indicated how therthal and mechanical conditions during



pre-strain significantly affect the shrinking and folding response of the SMP. Additionally, the
externally applied thermal loads significantly influenced the folding rate and maximum
bending angle.

The computationaframework was also adapted to understand the effects of fully
coupling the thermal and mechanical response of the material. This updated framework
accounted for external heat sources, such as ambient temperature and incident surface heat
flux, as well asnternal temperature changes due to conduction and viscous heat generation.
Viscous heating during the pstrain sequence affected the residual stresses after cooling due
to accelerated viscoelastic relaxation. This resulted in a delayed shrinking amg) fold
response. Other factors that affectkee folding response inclugaeet thickness, hinge width,
degree of prestrain, and hinge temperature. The predicted results indidatethemaximum
bending anglean be increased for a folded structure byaasing the hinge width, degree of
presstrain, and hinge surface temperature. Folding time can be reduced by decreasing the sheet
thickness, increasing the hinge width, and increasing the hinge temperature.

The coupled thermaechanical approach was alséezded to investigate both curved
and folded structures by varying the ink pattern and the substrate geometry. With this approach,
two continuous curvature mechanisms were obtained. One was an indirect curvature
mechanism which resulted from internal ssessthat evolved from the shrinking of activated
regions of the material relative to unactivated regions. The second was a direct curvature
mechanism that resulted from ink distributed in gradients across the surface of the material.

Furthermore, the effég of hinge orientation, proximity of multiple hinges, sheet aspect ratio,



and axisymmetric ink patterns were characterized for other shapes, such as rectangles and
discs.

The findings of this investigation clearly indicate that this validated computhtiona
approach can be used to predict and understand the myriad mechanisrfolafisglorigami
structures. By varying the location of ink on the polymer surface and making changes to the
substrate geometry, complex 3D structures can be obtained. ThepdeMtlermemechanical
framework can be used to design optimized origami structures for biomedical devices, space

telescops, and functional, engineered origami devices
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Figure 6.1 (A) Sunflowers exhibit two mechanisms for generating natural curvature.
Lower right image (red): Cell growth on one side of the stemomped by
heliotropismi has caused the stem of the sunflower to bend. This is an example
of the indirect curvature mechanism. Upper right image (blue): A gradient of
cell growth through the thickness of the petal has caused the petals of the
sunflower to cure. This is an example of the direct curvature mechar{Bn.
Paper analogs that demonstrate both mechanisms of curvature in (A) can be
formed using discrete fold patterns. Lower: Pleats of mountain (solid lines) and
valley (dashed lines) folds along ondesof a rectangular piece of paper cause
the half without folds to curve due to the indirect curvature mechanism. Upper
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Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

image: Valley folds with a gradient of spacing cause the sheet to curve in a
discontinuous fashion due to the direct curvature meamaiiise scale bars are

Progression of deformation of SMP samples 50% covered with black ink.
Images progress in sequence of time from top to bottom. Both synclastic and
anticlastic samples take less than 10 seconds to complete their activation
response. Left two columns: Samples patterned with black strips along the outer
edges bent up initially along the edges before the sample was curled towards
the inked side in a syradtic (positive Gaussian curvature) manner. Right two
columns: Samples patterned with a black strip along the middle initially folded
along the ink pattern then curled away from the ink in an anticlastic (negative
Gaussian curvature) manner. The colorfhencomputational images represent
temperatures ranging from below (blue) to above J (red). Intermediate
temperatures are depicted in green. The scale bar is h.mm.............. 127

Changesto the ink darkness resulted in a transition from a synclastic to
anticlastic response. The percent ink darkness of each strip was superimposed
on the patterns in the left column. (A, B) Synclastic, positive Gaussian
curvature. (C) Random curvature formbyg uniform ink coverage. (D, E)
Anticlastic, negative Gaussian curvature. Slight heating of the previously
uninked strips in (D) softened the material enough that the experimentally seen
anticlastic behavior was predicted computationally. The colors in the
computational images represent temperatures ranging from bglWu€) to

above T (red). The scale baris 5 mm............ooooiiiiiiiiennie 128

An illustration of the effects of changes to the substrafeet ratio while
maintaining 50% ink coverage. (A) Two ecqudth horizontal strips produced

a synclastic response. (B) A single, centrally located, horizontal strip produced
an anticlastic response. (C) A horizontal strip moved to the edge resulted in a
AUO shape. (D) An equal wi dth border
in (A). In general, the total deformation was influenced by the substrate aspect
ratio. The colors in the computational images represent temperatures ranging
from below Ty (blue)to above T (red). Scale bars are 5 mm................. 129

Linear gradients of ink influenced curving behavior. (A) Bilinear gradient
where 50% ink darkness occurred 75% of the distance atrossaimple. (B)
Linear gradient across the full sample width. (C) Bilinear gradient where 50%
ink darkness occurred 25% of the distance across the sample. (D) Bilinear
gradient with maximum darkness in the center. (E) Bilinear gradient with
maximum darknesat edges. The colors in the computational images represent
temperatures ranging from below (blue) to above J(red). The glass slide in

the experimental result images for design€ Avere not present during the
sample recovery process, but were usecha@ the sample for imaging
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convenience. Scale bars are 5 mm for sampi€sahd 10 mm for samples-D

Figure 6.6  Comparison of experimentally and computationally generated structures
utilizing both direct and indirect mechanisms. (A) Spatially varying curvature
was controlled by ink distribution. There was excellent visual agreement
between the computational and experimental results. The colors in the
computational images represent targiures ranging from below Tblue) to
above T (red). (BC) 3D point clouds produced via serial sectioning for both
the bordered and gradient ink patterns, B and C respectively. The black points
represent the computational results, and the colored spantticate the
experimental samples. Individual panels are extracted on thehagihit
columns to clarify the excellent agreement between the experimental and
computational results. The scale bars are 5 mm.........cccccoevvveiiieecnnnnns 131

Figure 6.7  Quantitative comparison of the computationally and experimentally generated
structures. (A) The computational result for the gradient sample is shown with
a representative radius of curvature)(R and di h e drlagiflcatienn gl e (
The radius of curvature was calculated using three points along the curve of the
panel. The colors in the computational images represent temperatures ranging
from below T (blue) to above J( r e d ) . (B) The di hedr al
plotted for both structures seen in Figure 6.6. (C) The radius of curvature values,
Rc, are plotted for both structures seen in Figure 6.6. There is excellent

Figure 6.8  The fourpaneled bignspired structures were extended to a greater number of
panels with similar behavior, allowing for a wider range of applications. (A) A
hexagonallybased, sixppaneled arrayas applied as a small gripping device.

(B) Grippers based on these designs were able to encompass and hold small
objects, such as the head of a bolt. (C) Due to their global curvature and
lightweight nature, these grippers were able to firmly grip tHedw could

easily hold ~925x their own weight. The scale bars are 10.mm......... 133

Figure S6.1 (A) A stepby-step process depicting the experimental sample preparation and
recovery processes. Treample designs were printed onto the polystyrene
sheets and cut out using scissors. The samples were exposed to an IR source
which locally heats the sample and causes it to shrink and deform. (B) A sample
image of a plant with multiple different radii ofirvature that was analyzed by
a MATLAB edge detection algorithm with the resulting image (C) highlighting
two distinct R (depicted by red circles) found throughout the structure. The
Scale bariS 25 MML.....oooo e 137
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Figure S6.2 A graphical and visual depiction of how surface temperature and normalized IR
absorption increases with nominal and actual ink density for experimental (A)
and computational (B) results. The temperature values used withgrapke
are directly correlated to the values on the thermal image (A). The dashed black
lines overlaid on the IR image visually depict that the surface temperature
values were recorded at the centerline (squares) and lower edge (circles). The
lower image inB represents the ink pattern where the grey regions are
unpatterned and the black regions indicate ink coverage................... 138

Figure S6.3 An llustration of the effects of changes to the sample aspio while
maintaining the designated gradient pattern. Samples became more curved with
the increase in aspect ratio, while the same general trend was observed for each
gradient ink pattern. The scale bar is 5 mm for 3:1 aspect ratio samples and 10
mm for the 2:1 and 1:1 aspect ratio Samples.........cccceveveeeiieeevivieenenn. 139

Figure S6.4 Serial section process used to obtain the digital, 3D point cloud of the bio
inspired structures. (A) The samples were painted, casiiéddd in ~ 0.5 mm
segments, and digitally imaged to acquire the necessary data points. The final
point cloud can be seen for both the (B) indirect and (C) direct mechanism of
curvature. The gradient in color corresponds to changes in height while the
black data points represent the computational results........................ 140

Figure S6.5 Schematic defining variables in EQuati@&.ES6.4.................ovvvvnnnee 140

Figure 7.1  (A) Hinged folding can be used to produce 3D structures of intermediate
complexity from initially flat sheets. The orientation and spacing of hinges, as
well as the hinge width and substrate geometry affects the final shape and
bending angle of th sheet. (B) Seffolding in our thermally activated SMP
sheet arises from the viscoelastic material behavior as the local temperature
traverses the glass transition temperatuges T03°C. A Prony series with six
terms is used to represent the viscoaastaster curve. (C) Representative
thermal and mechanical boundary conditions are applied to the sheet to pre
strain the material and subsequently induce the folding response.....158

Figure 7.2  (A) The incident heat qu>ﬁfn causes a similar increase in the average hinge

temperature for all hi nge angles d (de
increase in temperature activates the shrinking response which causesgthe she

to fold to a bending anglé. The vectors vand v, selected along the centerline

of the top face of the sheet, are used to calcullat&/ectors p and p are

projections of yand \ onto a plane whose normal is defined by the hinge line.

(C) U calculated using vand \s varies with hinge angld because the vectors

are not orthogonal to the hinge line. (D) calculated using the projected
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Figure 7.3

Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7

Figure 7.8

vectors p and p indicates that each hinge angi@roduces the same folding
motion. This is the view shown ithe lower right corner of Figure 7.1B159

The constrained bending reaction force is evaluated for 1.0, 1.5, and 2.0 mm
hinge widths. (A) Increasing the hinge width results islight temperature
increase. (B) Increasing the hinge width increases the maximum total reaction
force while decreasing the time to this maximum force. (C) The reaction force

is dominated by the force due to axial shrinking in the hinge region. (D) Prior

to 1 second, the hinge bends backwards due to thermal expansion and creates a
positive reaction force. At approximately 1 second, material shrinking becomes
activated which results in a negative reaction force. Decreasing the hinge width
results in a vertial reaction force with a larger magnitude that occurs at a later
time than for wider NiNGES.........ceiiiiiie e, 160

Placing two parallel hinges in close proximity to each other increases the
bending angle. For instance, two 1 mm hinges placed in close proximity
exceeds the maximum bending andlemax of a single 2 mm hinge width
pattern. The spacing between the two hinges affects the maximum bending
angle and the time to fold as seen for the 1 nimgehwidth results. For the 2

mm hinge width results, the transient bending angle is approximately the same
for the three spacingg)V, considered. The red x at t=1.35 s indicates the last
time step before the folding faces of the model intersect.................... 161

Contour plots of the temperature distribution in the ecgesgion of the hinge
show how transverse conduction creates a wider effective hinge (#igithhe
space between the 1 mm bH&s becomes activated due to conduction. (B) The
material between the 2 mm hinges does not sufficiently heat to become
activated due in part to the faster response time of this pattern......... 162

Self-folding responses from three initial temperatures, 30, 60, and 90°C, are
considered(A) Lower initial temperatures result in a delay in the time it takes
for the average hinge temperature to exceed the glass transition temperature.
(B) Decreasing the initial temperature delays and broadens the peak bending

(A) Increasing the incident heat flux results in a faster heating rate as indicated
by the average hge temperaturgB) The increased heating rate results in a
faster folding rate and higher maximum bending angle..................... 163

The magnitude of the surface heat flux influences the reatti@es during
constrained recoveryA) Decreasing the surface heat flux delays and increases
the maximum axial force generated. (B) The magnitude of the vertical force
generated is not significantly affected by changes in the surface heat flux, but
deceasing the surface heat flux delays the material response. (C) The total
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Figure 7.9

Figure 7.10

Figure 7.11

Figure 7.12

Figure 7.13

Figure 7.14

Figure 7.15

Figure 7.16

Figure 7.17

reaction force is dominated by the axial contraction force regardless of surface
NEAL TIUX....eeviii e e 164

The effectof changing the width of the hinge is evaluated for widths of (A) 0.5
mm, (B) 1 mm, (C) 2.5 mm, (D) 5 mm, (E) 7.5 mm, (F) 9 mm, and (G) 9.5 mm.
The width of the substrate is 10 mm. The material response transitions from
hinged folding to smooth curvaturetiveen 1 and 2.5 mm. The inset images
show the crossection of the sample..............oeeiiiiiiiiiiceciiiiie 165

The patterns fromFigure 7.9 are inverted so that the center stripe is
unpatternedyut the outer gnels are coated in black ink. The unpatterned center
stripe has a width of (A) 0.5 mm, (B) 1 mm, (C) 2.5 mm, (D) 5 mm, (E) 7.5
mm, (F) 9 mm, and (G) 9.5 mm. Above 5 mm, the patterned region is not large
enough to induce significant curvature in the urgratt region............... 166

Axisymmetric gradients on-ihch diameter discs Top row: a gradient of ink
that increases in the radial direction caused the sheet to form a bowl. Bottom
row: a gadient of ink that decreases in the radial direction causes the sheet to
buckle into a saddle shape.............ccccceiiiiiiicccc e 167

A solid outer ring pattern causes the sheet to curl into a-lkevéhag when
exposed to an IR light. The size of the wrinkles around the perimeter can be
controlled by the width of the pattern. Top row: outer ring width is 25% of the
disc radius. Middle row: outer ring width is 50% of the disc radius. Bottom row:
outer ringwidth is 75% of the disc radius.............cccceevviviiiieeeee e 168

A solid inner ring pattern causes the sheet to buckle into a saddle shape when
exposed to an IR light. The magnitude of the out of plane ahafiion can be
controlled by the width of the pattern. Top row: outer ring width is 25% of the
disc radius. Middle row: outer ring width is 50% of the disc radius. Bottom row:
outer ring width is 75% of the disc radius...............cccoovviviieeeee e, 169

A concentric ring pattern with the ring centered at 50% of the radius. The width
of the ring increases from 12.5% of the radius (top row), to 25% (middle row),
and 50% (DOTOM FOW)........uuuiiiiiiiiiiiiiee ettt 170

A concentric ring pattern with the unpatterned ring centered at 50% of the
radius. The width of the unpatterned ring decreases from 50% of the radius (top
row), to 25% (middle row), and 12.5% (bottom row)............ccccvvvunnnn.. 171

Gradient wedges generated by a sinusoidal wave. Top Row: 4 patterned
wedges. Bottom Row: 8 patterned wedges...........ccoevevvviiiicmiiiiiieenens 172

Boolean wedges generated by a sinusoidal wave. Top Row: 4 patterned wedges.
Bottom Row: 8 patterned Wedges.........cooeeeviiiiiiiieeeiie e, 173
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Chapter 1: Introduction
1.1 Overview

Consider what it takes to manufacture and put into ussvaryday object, such as a
chair. This process begins with manufacturing steps that require time consuming and costly
operations to produce components of the chair. These steps may be additive or subtractive in
nature,i.e., material is added to or removédm the workpiece, to produce individual parts
and assemblies. These manufacturing steps bring the chair to its near finaljrttelesional
(3D) shape. The chair is then shipped in this bulky state to its final destination. This results in
empty spacduring shipping, which reduces the number of chairs that can be transported. Upon
reaching the final destination, some assembly may be required before using the chair.

Alternatively, folding systems allow the use of high throughput patterning and cutting
techniques to produce a twdimensional (2D) representation of the chair. The chair ships in
its flat state to the final destination where it is put into use through folding and unfolding
manipulations. The incorporation of active materials into a foldingtire results in a self
folding structure that responds to the environment. Active materials change shape or have
significantly altered properties in response to external stimuli such as heat, light, or solvents.
1.11 Engineered Origami and Kirigami

Origami, the ancient art of paper folding, found renewed interest in recent decades as
a means to temporarily reduce the stored volume of or to enhance the functionality of an object.
Engineered origami fulfills a diverse set of applications across mukipigh scales, ranging
from microscalé'® to macrescale*® When combined with active materials, as discdsse

above, the object becomes responsive to external stimuli such as heat, light, or solvent. Another



closely related approach, kirigami, incorporates cuts into the material and can be used to
develop more complex structurgst

A primary thrust of origami engineering is the development of fold patterns and the
associated kinematics of folding andfolding. Commonly utilized fold patterns include the
waterbomb?13base and Miurari.81417 Other crease patterns can be designed using models
that typically assume that the material has a negligible thickness and that the material forms a
sharp, zerottorder fold at the creadine. The use of finite thickness materials invalidates this
assumption, which has led to the development of models for smoothefatuk folding of
structures with finite thicknessé$2° Further, origami patterns can be superimposed to obtain
functional structures with multiple stable states, as se€igire 1.1.2! Kirigami structures
have been developed for beam steering and solar tracking appli¢dfiémghese systems,
linear actuation produces significant changes in the orientation of facets on the structure.
Another advantage of seiblding origami is that it allows full access to the surface of the
material for patterning at the microscaded the active materials in the structure can be used
to control shape at the macrosc&leSelf-folding can also be actuated by relaxation of
mechanical loadg~or instance, release of mechanicalgrain in an elastomeric substrate
can cause rigid origami structures to pgpfrom a flat staté?324
1.12 Self-Folding Origami

Self-folding transforms wo-dimensional (2D) sheets into thrdanensional
(3D) objects through an origastike process with no direct manual interactfdd’ The
ability to convert planar sheets into 3D shapes is attractive for several reasons: (i) sheets can

be stacked efficiently for storage and transportation, (ii) there are mansthinagighput



methods for patterning and cutting sheets, (iii) facile or autonomous assembly of 3D structures
reduces time and cost of deploying the product. Converting a planar sheet into a 3D shape
requires deformation of the sheet, which can be achieved Isycphgnanipulation or by using
active materials,e., materials that can change shape, (shrink or expand) in response to an
external stimulus such as light, heat, or sol?&ft.Conventonally, these responsive materials

are placed in regions where deformation is desitét®4143 Self-folding can be used to
obtain 3D structures for an array of applications, including medical $fefitantennag’ and
engineered origami applications, such as space telestdpel:folding can be attained
through the use of active materials, such as hydré§elsshape memory alloys
(SMASs)>#% or shape memory polymers (SMP$§2°7%° or either alone or in
combination with passive materials including wood, papepolymers.

Hydrogels are active materials that swell in response to exposure to
solvents}?13:334257.3%6 gnd therefore represent suitabkndidates for inducing changes in
curvature in initially flat sheets. Bilayers of hydrog@f&-38:51.670 or hydrogels patterned with
stiff regions”>3"1can praluce curved 3D structures due to differential swelling. However,
hydrogel based materials generally possess a slow response time, low moduli, and require
continuous solvent exposure to maintain their deformed shape.

Certain metal alloys exhibit a shape mwy effect. For instance, nickBtanium
(NiTi) alloys transition from austenite to martensite when cooled. The metal can be deformed
at low temperatures, but the original shape is restored when the material is reheated. This
change in shape has been duder environmentally responsive systems. SMA folding

structures have been developed for beam sté€ramgl hinged folding? SMAs have a fast



response and range of activation temperatures, but they are generally more expensive and often
must be used in combination with a second material.

Conventional SMPs are attractive shape changing alternatives to gels and SMAs due
to theirrelatively short response time, low cost, high stiffness, and potential responsiveness to
a wide range of activation stimuli. Activation stimuli for SMPs include heat, light, and electric
fields>® 73 Heat activated SMPs can respond to a variety of heat sources, such as uniform
heating®%"4local energy absorptiotf;?04143750r Joule heating?%! SMPs can generate
discretely folded structures in laminated compo&t¥$® or homogeneous sheéfsit 3741
Additionally, heat activated SMPs maintain their shape upon removal of the stimulus.

Of these active materials, SMRse attractive due to their low cost, ease of
processing, ability to recover large deformation, and a diverse selection of activation
stimuli, i.e., heat3042.606183.7§ignt 77179 h 4 80 golventst®8183 and magnetic field¥!Based on
these advantages, | sought an approach to obtain 3D objects from thermoplastic SMP sheets
by using localized material shrinking. Although SMPs have many applications, | am primarily
interested in using the nmaial as thermally responsive actuators for-g&adtling origami
structure&>8>8pecause of the potential multifunctional applications.

1.13 Experimental Studies

The typical thermanmechanical cycle applied to heat activated SMPsinvolves
straining the polymer, which is initially at an elevated temperature near the glass transition
temperature Tg), to some temporary shape.q, an elongated sheet). After cooling, the
polymer retains the temporariiape until, at some later time, the material is reheated. Upon

reheating, the strain relaxes, and the SMP shrirksiecovers, to the initial, unstrained shape



through a viscoelastic strain recovery process, referred to as shrinkage. Shrinkage is a
function of both time and temperature and occurs more rapidly at higher tempetatures.

| have shown that black ink patterned on SMPs can locally absorbdigtatce
folding 3%°°%1n this investigation, | utilized prestrained polystyrene SMP sheets in the
form of commercially available Grafix® shrink film. These amorphous, biaxially pre
strained polystyrene sheets shrinkplane to approximately half of the original
dimensions when thermalbctivated (the activation temperatufe, is approximately
the same asy] Tg = 103°C).Figure 1.2 outlines schematically the behavior of three
SMP samples when exposed to two different heat sources. The cdaten aepicts
the samples before heating. All three configurations shrink uniformly when heated
aboveTa as shown in the left column diigure 12. These configurations behave
differently when exposed to a radiamiah sourcee.g, infrared (IR) light. A transparent
SMP does not shrink readily when exposed to the radiant heat source because the
polymer does not absorb the radiant thermal energy efficigFigyré 1.2, top ow).*°
Samples coated with black ink absorb light more efficiently than uncoated samples and
a temperature gradient develops through the thickness of tbe $hes, the polymer
shrinks locally wherever the temperature reached his temperature gradient results
in a shrinkage gradient, due to a thermally accelerated viscoelastic recovery, which
causes the sheet to curl towards the inked side of the shedityi before flattening out
upon recovery of the material pserain Figure 1.2, middle row). Similarly, a sample
patterned with lines of inki.e., hinges) exposed to radiant heat develops a thermal

gradient leneath the patterned region only. This thermal gradient creates a shrinkage



gradient, and the polymer folds along the ink patt€igufe 1.2, bottom row)¥ While

folding, the unpatterned regions do not shrink noticeably. Other approaches to induce
self-folding in thermaly activated SMP sheets include the useunmiform' or Joule
heating?®3in SMP composites, or using microwatfesr lasers’ Previously, a simple
geometrical model was developed and presented that predicts theuma and
transi ent b i defihéd mraphiaatlygnlthe Bwer right imageFigure 1.2)

of seltfolding polymer sheet¥. However, that geometrical model does not provide
fundametal thermemechanical understanding of the relevant material mechanisms
and requires experimentally medrsadditiend t e mj
to the hinged folding behaviog balance of internal stresses that arise from material
shrinkag can be used to induce curvature in the polymer sheet. In our system, the recovery
rate can be controlled by the rate of localized energy absorption and the subsequent heat
dissipation of the patterned region. This can be realized by changing the yntéribi¢ IR

light source or the light absorptivity of the iftkComplex 3D structures can be obtained by
combining multihinged patterns with cuts in the maagf*

As part of this investigation, | investigated viscous heating during the shrinking and
folding of SMP sheets. Viscous heat generatiogea from viscous sliding and shearing of
polymer chains at the molecular 1e¥éP° This heating effect is significant in many polymer
systems during the transition from glassy to rubbery behavior, and is prevaleny Mésrous
heating, in response to ultrasonic waves, has been shown to have a significanteffg¢hd
unfolding of polymer sheef8,drug delivery>>°¢and poymer plasticization during injection

molding®’ Additionally, viscous heating affects rubber dampers, which dissipate energy from



cyclic mechanical loading® In these materials, viscous heating can lead to significant
thermal increase¥, which affect the behavicof the damper. Hence, the effects of viscous
heating must be understood among a myriad of effects, such as damping and material failure.
1.14 Computational Studies

Computational modeling has been utilized to obtain a detailed understanding of the
behavio of SMPs at both atomistic and continuum levels and to provide a predictive tool to
aid in the design of localized shrinkage pattéPA3% Molecular dynamics (MD) studies have
offered insights into the moleculaxechanisms thaesult in the shape memory efféétbut
these models are at spatial and temporal scales that are generally not relevant for mesoscale
and macroscale folded, origami structur&s.the continuum level, two approaches have
generally been employed based on differennstitutive formulations. The first
approach treats the material as a biphasic system consisting of glassy and rubbery
phasesdf. Figure 1.3).19711%Heating the strained material transforms the glassy domains to
rubbery domains, which induces a rhanical response through the release of stored entropic
energy. This approach is computationally expedient, but it does not account fully for the
transient, thermanechanical response of the materiBhe second continuum modeling
approach utilizes the wseelastic properties of the SMP obtained via rheology or
dynamic mechanical analysis to model tin@nd temperaturdependent recovery
behavior0.87:100102.111113 This gpproach captures the transient and temperdapendent
response of the polymer by incorporating the tberaperature superposition principle (TTSP)
using he WilliamsLandetFerry (WLF) equatiort’. However, these modeling approaches

do no fully couple the thermal and mechanical responses of the SM&sGtudies



have investigated the effects of the thermal and mechanical history applied to the
polymer on the recovetyehaviof*'%2and finite deformation viscoelasticlty:109-116119

using a combination of finite elemerr numerical analysis andxgerimental
evaluations.

1.2 General Research Objectives and Approach

The objective of this research is to model computationally the behavior of SMPs
used for seHlolding origami. Selffolding is affected significantly by the eht
absorption and heat transfer, the #ioear relationship between temperature and
shrinkage, and the conservation of mass in the material. Therefore, in this investigation,
| use a 3D, nothinear, finite element framework with a thermiscoelastic marial model
and fully-coupled thermamechanical solution tagyain insights into the fundamental
behavior of folding SMP sheets that cannot be obtained experimenfiialilyis end, |
systematically investigate the effects of hinge orientation, size, anthgpas well as the
effects of initial temperature and surface heat flux. Furthés, computational framework
provides an understanding of the sensitivity of folding to the surface heat flux and
sample prestraining process.

Beyond hinged folding behaoti, our goal is to generalize the model so that it
may be extended to predict the behavior due to any ink pattern on the SMP surface in
response to an external heat flux. This goal stems from recent research idigdneth
folds in tessellated Miurari patterns have been used to approximate surfaces with positive,
negative, and zero Gaussian curvataré:*1129hen refining the curvature using tessellated

fold patterns, the number and density of folds in these patterns becomes impractical to fold



manually. An alternative method is to ur@e changes in material dimensions, such as through

strain that arises from swelling or shrinking of SMP sheets. | explored two strategies, termed
the 6directd and oO6indirectd mechanism of cur
3D shapes. Theirect mechanism, achieves curvature by applying strain directly to the portions

of the sheet to be curved. For the indireci
response to internal stresses induced by one region shrinking relative to adjgiceTst

Within the framework of the computational model, | sought a better understanding of
the thermemechanical mechanisms that lead to shrinking and folding in SMP sheets. These
mechanisms include time and temperature dependent moduli, viscoelastieryeexternal
temperature fields, surface heat fluxes, internal dissipative viscous heat generation, and
diffusive heat conduction. Viscous heating occurs whenever there is viscous sliding among
polymer chainsi.e., during both the initial straining arsilibsequent relaxing of SMPs. Given
the relationship between temperature and the shrinking or folding of SMP sheets, viscous
heating, in combination with other heating mechanisms, would affect the shape change
response of the material. Additionally, vissoteating during shape recovery causes an
increase in temperatures that significantly affect the strain relaxation rate.

The goal of this research was to couple fully the thermal and mechanical behavior of
the SMP by accounting for both viscous heating &h8P as the SMP was pstrained and
subsequently relaxed upon reheating. In doing so, | sought to understand the- thermo
mechanistic aspects related to shrinking and foldieg,recovery, of SMP sheets. Herein, it
was important to understand how thatheas partitioned between dissipative and diffusive

processes. Viscous heating results from mechanical energy dissipation, while conduction



diffuses heat that arises from internal and external sources. Heating affects instantaneous
moduli, which are relad to TTSP, and also affects thermal expansion, which is related to
thermal stresses and strains. All these thermal components affect the internal temperature
distribution, but they are also coupled to the stresses through viscous heating. In addition to
the imposed thermal loading, each thermal component affects #meecizanistic aspects of
shrinking and folding, which can provide further understanding regarding how time,
temperature, and stresses affect material response.
1.3 Dissertation Organization

In this investigation, | seek to gain fundamental understanding of thiokbifg
behavior of locally heated SMPs. This investigation is organized as follows: Chapter 2
presents the constitutive theory and finite element framework. Chapter 3 provides
expermmental and material properties data for Grafix® shrink films. Chapter 4 presents
finite element results for hinged folding of SMP sheets. Chapter 5 extends the model to
be fully coupled by accounting for internal heat generation. Chapter 6 generalizes the
model to different thermal and mechanical loadings and investigates curvature
producing patterns. Chapter 7 studies geometric variations in hinged folding and
investigates axisymmetric ink patterns. Chapter 8 summarises this investigation, and

Chapter 9 ppvides recommendations for future research.
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Figure 1.1 An example of a foldable origami structure with two, independent folded statésc(a@se pattern
and its resulting shelter configuration. (b) Mitoa pattern and & folded configuration. (c) Overlay of the shelter
pattern black and Miuraori pattern fed) and the resulting structure folded into each configuration. (d) A thick
panel equivalendf thesheler and Miuraori foldable structure(Imagefrom Liu et. aft).
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Figure 1.2 Response of ink patterned SMP sheets to uniform heating and exposure to IR light. Center column:
patterned sheets do not shrink at room temperature. Left column: patterned sheets shrink uniformly when heated
above the activation temperaturg Right column: and unpatterned sheet (top) does not absorb thermal energy
from and IR light efficiently andloes not heat above the activation temperature. Therefore, it does not shrink. A
sheet coated in black ink (middle) will begin heating from the exposed surface. This generates a temperature and
shrinkage gradient through the thickness, and the sheellynitiels towards toward the light before flattening

out to shrink uniformly. A sheet patterned with discrete lines (bottom) will heat in the patterned region only. A
gradient in temperature and shrinkage beneath the patterned region causes the sthedong the line.
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Figure 1.3 lllustration of the biphasic model used to predict the behavior of SRIFemperature converts frozen
phases to active phases. The switch between frozen and active phases allows for the storage and release of entropic
deformation.
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Chapter 2: Constitutive Theory and Finite Element Framework

In this Chapter, | discuss the constitutive theory and tinielement framework
employed in thisinvestigation Subsection 2.1 provides a molecular explanation for the
behavior of shape memory polymers (SMPs). Subsection 2.2 outlines the fundamentals of
viscoelastic theory. Subsection 2.3 describes the finiteegiefnamework. Subsection 2.4
discusses the implementation of viscoelasticity into the finite element framework. Subsection
2.5presents the implementation of thermomechanical coupling in the finite element framework
2.1 Shape Recovery Mechanism

The ability of thermally activated SMPs to hold a temporary shape and recover their
original shape arises from changes to free volume and enhanced polymer chain mobility in
response to temperature changes. SMPs consist of a network of polymer chains, joined at
physcal (.e., entanglements) or chemicak(, chemical bonds) crosslinks, which serve as net
points. In the case of physical crosslinks, it is critical that the polymer have a sufficiently high
molecular weight, above the entanglement molecular weighta thetiwork of entanglements
is formed. At low temperatures, free volume is reduced and secondary intermolecular bonds,
e.g.van der Waals forces, prevent significant molecular motion. Free volume increases with
temperaturedf. Figure 2.1), and so does chain mobility due to increased thermal energy. In
this condition, the application of mechanical loads can result in significant deformation of the
polymer through changes in conformation of the individual chainsrdiogpto the affine
assumption. If the material is cooled in the deformed, temporary shape, this shape is maintained

due to reduced chain mobility and secondary bonding. When the material is reheated, the
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individual chains change conformation to a lowesergy state, thereby recovering the
permanent shape.

As depicted irFigure 2.1, a significant change in free volume occurs as the material
transitions across the glass transition temperalgrélthough this indtates the temperature
at which molecular motion is enabled, a distinction is drawn betWgand the activation
temperatureT,, for SMPs. It has been shown that SMPs begin to recover their original shape,
from an initial temporary shape, at temperatwsightly below Tq.! Therefore, Ta may be
slightly lower thanTg, butTg serves as a good approximationfgtiue to the time dependence
of molecular motion. This time dependence is described by the viscoelastic theory outlined
next.
2.2 Viscoelastic Theory

Viscoelasticity is the term used to describe the itlepenént behavior omaterials
that exhibit the hallmarks of both elastic and viscous behavior. In the context of this
investigation viscoelasticity provides a means to analyze the mechanical behavior of polymers
whi ch have both #Avi sc araversible caedftiovelependent,oamd whi
Ael astico def or mat i o nindependentcThe timdependent leehasiorb | e a
of polymers originates from the motion of individual polymer chains. As viscoelastic materials,
polymers exhibit a few key baviors that can be illustrated by creep/cresgovery tests and
stressrelaxation ésts discussed in Subsection 2.2.1. Subsection 2.2.2 introduces linear
viscoelasticity. Subsection 2.2.3 presgtienomenological models developed to describe the
mechantal response of polymers subjected to various loading conditions at a single

temperature. These models are extended to a range of temperature using i@ pienature
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superposition principle (TTSR)iscussed in Subsection 2.2.4. Subsection 2.2.5 des¢hibe
viscoelastic master curve, which represents viscoelastic belmsgora wide range of time
and temperature.

2.2.1 TimeDependent Behavior of Polymers

Two tests are typically used to characterize the-tiley@endent behavior of polymers:
creep/creepecovery and stress relaxation. These tests involve applying a stress or fixed
displacement to a polymer sample, and recording the resulting deformation or stress,
respectively, as a function of time.

Creep/CreepRecovery

In a creep test, a constant magdé force is applied to a sample and the strain in the
sample is recorded as a function of time. This test is illustrated in the left toguod 2.2.

Upon application of the force, there is an immediate elaktformation of the material
followed by an exponential, timgependent deformation. If the polymer is a thermoseif

it has chemical crodiks between polymer chains, it will approach a limiting maximum
deformation. If the material is a thermoglasthe material will deform until it eventually
fractures.

Also shown inFigure 2.2 is a creeprecovery test. In the creep recovery test, the load
that is applied in the creep test is removed at some timdpon removal of the load, the
material experiences an instantaneous, elastic, partial recovery followed by a time dependent,
viscous response. As in the creep test, the recovery depends on if the material is a thermoset
or thermoplastic. Because of the cheahicrosslinks, the thermoset recovers to its initial shape

from before the creep test, but the thermoplastic exiieriencesome residual strain due to
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plastic deformation. In an experimental creep recovery test for polymers, four behaviors are
exhibited

1. Initial elastic strain upon load application

2. Time dependent creep, | t

3. Instantaneous elastic recovery

4. Permanent deformation after removal of stress for thermoplastics
Stress Relaxation

In a stress relaxation test, a constant magnitude displacemengpplied to a sample,

and the stress, 0 ,as d functiontofetimesfaFigyrd 263). Applicatior c or d e ¢
of the fixed displacementy, results in an initial, elastic stress. The stress decreases
exponentially as time increases. For a thermoset, some residsal retneains at long times
due to crosslinks, but for a thermoplastic, which is able to flow in the absence of chemical
crosslinks, the stress eventually reduces to zero. The key behaviors exhibited in a stress
relaxation test include:

1. Instantaneous initiadtress upon load application

2. Decay of stress as time increases

3. Final stress depends on the type of polymer
2.2.2 Linear Viscoelasticity

Linear viscoelasticity does not refer to the st&sain response, rather the time

dependent stress or strain behawshibited in creep or stress relaxation tests. Consider a
creep test in which a stress, is applied at=0 (cf. Figure 24a), and the strainp(t), is

recorded at timet andty (cf. Figure 2.4b). This test is repeated at a higher stiesdl;, and
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the strains are recorded at the same tithasdt,. A plot of the stains as a function of the
applied stresses produces an isochronus @ldtiure 2 4c). If a line plotted from the origin

through the strains for a given tirheor t, satisfies the following relation

3= )t

Sy S

2.1)

then the material is said to be linear viscoelad{i}, which is the slope dhe line, is referred

to the as the compliance of the material. All polymers are linear viscoelastic at sufficiently low
stress as shown Fgure 2.5. Above some critical stresEguation 2.1 no longer holds and

the material is in the nelmear viscoelastic regime. Analogous behavior exists for stress
relaxation tests, but the behavior is inverted. In order to be linear, the following relation must

be satisfied
Glt)=—= 2.2
() . (2.2

whereG(t) is the stifness of the material. At sufficiently high strain, this relation does not hold
and the material is in the ndinear viscoelastic regime.
2.2.3 Phenomenological Models

Phenomenological models have been developed to model the time dependent behavior
of pdymers. The most fundamental of these models are based on combinations of linear
springs (elastic response) and dashpots (viscous response). The stress in a spring is written as

s =Gg (2.3

whereG is the stiffness of the spring and saéogous to the shear modulus of the material.

The stress in a dashpot is written as
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—_ g
s=h—~*=2 (2.9
pt

whered is the viscosity of the dashpot.

A spring and a dashpot connected in series as showigune 2.6 is referred to as a
Maxwell model, and a spring and dashpot connected in parallel as shduguie 2.7 is
referred to as a Kelvivoigt model. These models are capable of representing mathematically
the fundamental behavior of creep/cregepovery and stress relaxation tests, but they fail to
represent fully the real behaviof polymers. The span of the time dependent behavior of
polymers exceeds what can be modeled by a single Maxwell or Kébigi model.

The Maxwell and Kelvidvoigt models can be generalized to better represent the real
behavior of polymers by introduwy additional springs and dashpots. As sedtigare 2.8, a
generalized Maxwell model consists of many Maxwell elements in parallel, and a generalized
Kelvin-Voigt model consists of many Kelvivioigt models in seées as seen iRigure 2.9. The
number of elements should be selected to accurately represent the distspatiramof
relaxation times {} in a real polymer.

Special cases exist for both generalized models. If the viscosity of one dashpot in the
Generalized Maxwell model is set to infinity, equivalent to setting the relaxation time for that
element to infinity, the model transitions frdming a viscoelastic liquid.€., a material that
is able to flow) to a viscoelastic solidg(, a material with some finite modulus at infinite time).
This is sometimes referred to as a generalized Zener model. A generalized\Kagtimodel
is alrea¢ a viscoelastic solid, but the model is incapable of responding elastically to an

instantaneous change in stress. This feature can be built into the model by setting the viscosity
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of one KelvinVoigt element taj=0, which is equivalent to setting the relaxation time for that
element tdjJ=0.
2.2.4 TimeTemperature Superposition Principle

In the previous discussion of viscoelasticity, the relaxation times are valid only at one
temperature. Increasing the tengteare of the polymer results in a decrease in relaxation times,
and this must be accounted for in the transient analysis of thermally activated shape memory

polymers. To account for changes in temperature, a shift factor is introduced

~

. (2.9

To

a, =

~

wheret ., is the relaxation time at temperatt]'r,eandl‘TO is the relaxation time at the reference

temperaturdo. Two expressions for the shift factar are commonly used depending on the

temperature regim&elow Tg, the temperature dependencenit expressed by the Arrhenius

equation
= expe—eDH ol i;ﬁ (2.9
a R (%_ Tox .

whereR is theuniversalgas constantp His the activation enthalpy, afdis expressed as an
absolute temperature. Abovk;, ar is expressedoy the WilliamsLandelFerry (WLF)
equations:

-C(T-T,

_ )
log,,a, = T (2.7

whereC; and C, are empirically determined constants ands the referencéemperature

(typically To = Tg). It was proposed by Williams, Landel, and Ferry that the constarasd
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C> are universal for all polymers witty=17.44andC>=51.6. Although this does not apply to
all polymers, it is a reasonable assumption for manyrpeig?
2.2.5 Viscoelastic Master Curve

Given the time (rate) and temperature dependence of viscoelastic material properties,
it is convenient to develop viscoelastic master curve which describes the behavior of the
material across a wide range of time (frequency or temperature). The viscoelastic master curve
is obtained by performing isothermal frequency sweep tests on a polymer using a dynamic
mechanichanalyzer (DMA) or a rheometer to obtain the complex modulus. The complex
modulus is the sum of the storage modulus (elastic response) and the loss modulus (damped
response). These values can then be shifted in frequency using theStUBSEction 2.1)4as
shown inFigure 2.10. The viscoelastic master curve can be shifted to any temperature using
Equations 2.5- 2.7.
2.3 Finite Element Framework

| studied the behavior of thermally activated SMPs with almaar,threedimensional
(3D) finite element framework. This framework allowed the investigation of the sensitivity of
the selffolding behavior of SMP sheets to gain thermal and mechanical loads, material
geometry, degree of pidrain, ink pattern, andemperaturel applied this model to a
polystyrene SMP commercially available as Grafix® shink flins noted, however, that the
approach is applicable to any SMP with a viscoelastic shape recovery mech@hem.
framework utilized a coupled thermmechaical framework with &ode trilinear brick

elements. Concurrently,utilized a linear viscoelastic material model for the time dependent
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behavior of the SMP. A quablewton solution technique analyzed the coupled thermo

mechanical solution within eachnte step by minimizing the residual according to

eK,, 0 @bDud_eR,a
A Ol u=i u
80 K, iiDgy iR,y

(2.8
whereKyyis the stiffness matrix of the mechanical solutidas the stiffness matrix of the
thermal solutiongp us the change in the mechanical solutiguds the change in the thermal
solution, andr, andRy are the residuals which are minimized in each time step.
2.4 Viscoelastic Formulation

The transient méwnical solution depended on the local temperature in the polymer
sheet. Temperature dependence of the viscoelastic behavior was accounted for by the TTSP
using the WLF equatidngiven previously inEquation 2.7. The WLF equation shifted the
viscoelastic relaxation time§), of the material as a function of local temperaturaodeled

the viscoelastic behavior with a generalized Maxwell moefeF{gure 2.8) represented by a

Prony series with

G(f)=Go§1- gg.H+GOE% 2.9
w(f)—~ A gi(zloffi)
G (f)—Goizlm (2.10
G"(f
tan(d)=%f)) (2.19)

whereG @s the shear storage modul@pis the shear loss moduluSy is the nstantaneous
shear modulusji is the incremental change in modulus associated with relaxatiorjtiamel

fis frequencyFigure 2.11 demonstratethis model in for a tweelement generalized Maxwell
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model, comprigg one free spring in parallel with one Maxwell elemearg.(a spring and
dashpot in serieshn Figure 2.11a, Gris the rubbery, long term modulus. The peakia n ( U )
(cf. Figure 2.11b) occurs during the transition froBptoGr.G@ nd GO r e pphases ent t
andoutof-phase stress response of the material to the applied stdtigre 2.12). G as
associated with elastically stored energy in the systemGamid associated with viscously
damped energy. The phase angl a n, (eprgsents a damping factor, which is indicative of
the relative amount of dissipated energ.(higher values of a nrésulfin greater energy
dissipation).
2.5 Thermo-Mechanical Coupling

The viscous nature of the polymer led to internalihgads polymer chains changed
conformation. Viscous heating, which resulted from the dissipation of viscous strain energy,
can be expressed:as

¢ =c s & (2.12

O

where ¢ is the viscous heat flusis the viscous heatfraci on, u i s t h&# stres

is the viscous strain rate tensoraH0, no viscous heating occurred, and=fl, all viscous
work was converted to hedEquation 2.5represents a heat source term, and it contributes to

the heaktquation as
q{otal — #n + #/ + #onvectior (213

rc, % - DQkDT) = ¢! (2.14

where ¢ is the total heat flux due to internal and external sourgess the input heat flux

from external sourcesgevector is the surface heat flux due to convectiprs the densityC,
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is the specific heat at constant pressure, larglthe thermal conductivity. The change in

temperature due to viscous heating can be determinedSgoistions 2.121 2.14

T, Temp.

Figure 2.1 Relative volume aa function of temperature (Imaff@m Brinson and Brinso#)
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Creep test Creep and creep recovery test

Figure 2.2 Creep and creepecovery tests: stress input (top) and qualitative material strain response (bottom).
(Figurefrom Brinson andBrinsor?). Strain has an immediate, elastic response upon stress application and removal

and a timedependent, viscous response after changes in stress.
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Figure 2.3 Stress relaxation test: strain input (left) and qualitative stress qught). (Figurefrom Brinson and
Brinsor?) Stress has immediate elastic response followed bydipendent, viscoussponse after initial strain
application. Stress relaxes with time.

Figure24Li near viscoel asti c cip expappliedatAD, leadsto @ntistependéent st r es s
st r ditn o(thprespestively; (C) from (A) and (B) the strainsat t .y dnd at timest L) dre linear in the
stress.
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Figure 25Isochronals taken atfseeFigure24) after the i nitiatiadaty fept(he cr e
The diagram illustrates the transition from linear to-finear viscoelasticbea vi or . Not e tlhhat t hi ¢
plot that would be obtained in a conventional stsisgin test; the data are taken from creep experiments at

different stresses.(Figuend captiorfrom McCrum et af)

Constitutive Model: o =ny — ga'

G : — % 5 %0
Creep: vy = - . 7 t
. 2 S — t
77$ Stress Relaxation: ¢ = Gyoexp( _n/G)

Figure 2.6 Maxwell model consisting of a spring and dashpot in series.

Constitutive Model: o = Gy +ny

o t
G L n Creep: Yy = ?0 [1 — exp (— m)]
Stress Relaxation:  Impossible

Figure 2.7 Kelvin-Voigt model consisting of a spring and dashpot in parallel.
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Figure 2.8 Generalized Maxwell model

Stress Relaxation

Figure 2.9 Generalized Kelvifoigt model.

Stress Relaxation: ¢ = y,).G;exp (—
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Constitutive Model: ¢ = Y0; = Y.G;y + iy

Creep: Y =YoGiexp (_ Ui;Gi)

ﬂi;Gi)

Creep: Y =YY= Zg—j [1 — exp (_ m;c;i)]

Impossible (without modification)
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Figure 2.10 Example magtr curve for a modified epoxy. (Original data from Cartner (197/ygure from
Brinson and BrinsoA.
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Figure 211 ( A) Storage modul us, G' , Loss Modul telementG" , an

generalized Maxwell model containing one free spring in parallel with a single Maxwell element (spring and

dashpot in series).£30.01, G=1,and U=1 .
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Figure 2.12 Left: Relationship between strain, stress, and phase angle. Right: Depiction of phase angle in the
complex plane.
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Chapter 3: Experimental Basis
3.1 Rheology Results

The viscoelastic material properties of the polystyrene SMP unstdsiinvestigation
was evaluated using data obtained from an AR2000 Rheometer. This rheometer was outfitted
with a torsion sample clamp fixture inside a thermal jacket. The rheometer subjected the
sample to an oscillatory strain across a range of freme®nThis test was repeated at
temperatures ranging from 95 to 120°C in 5°C incremdfigure 3.1 shows the storage
modul us, G6, as a function of temperature an
regi me, characterized by an approxi mately cc
considered. At 120°C, the sample was in the rubbery regime, approaching viscous flow. This
transition is evident based on ttbas. Bétweener v a
95°C to 120°C, the temperature traverses the glass transition temperature, indicated by the
drastic changes in GO.

The individual curves ifrigure 3.1 can be shifted in frequency according to thestim
temperature superposition principal (TTSP) using the WLF shift fagqugtion 2.1).
Standard empirical constan@, = 17.44 andC; = 51.6, in addibn to a vertical shiftof T/Tg,
provided a satisfactory shift to align the individual curves into a viscoelastiemtastve ¢f.
Figure 3.2). This master curve is capable of representing the material behavior across an
immeasurably wide range of time or frequency. Due to the viscoelastic nature of the material,
there is a cortation between time artémperature. A Prony seridsquation. 2.97 2.11) was
used to represent the master curve for implementation into the finite element analysis software.

The Prony series coefficients were fit using a MATLAB algorithm. A Prony sefi6serms
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(cf. Table 3.1) sufficiently captured the transition from glassy to rubbery regimes as shown by
solid red lines inFigure 3.2. The fit of the model is verifiedyocomparing the Prony series
model to experimental results for the phase artgla, n Altliough additional terms would
theoretically improve the fit to the experimental data, this comes at a reduction in
computational efficiency.
3.2 Differential ScanningCalorimetry Results

The glass transition of the polystyrene based Grafix® shrink film was determined using
differential scanning calorimetry. Each sample was subjected to-adwdteat cycle. On the
second heating stage, the sample was heated at 5°€émir60°C to 150°C, and the glass
transition occurred in this rangef(Figure 3.3). The midpoint of the change in heat flow
occurred at approximately 103°C, so this temperature was selected as the glagsntransit
temperature. This value is representative of literature values fdg.the
3.3 Sample Folding

GrafixE shrink film is commer Eiguel3by avali
illustrates the experimental procedwsed to prepare and deform experimental samples. The
SMP sheets were printed on using a desktop inkjet printer Epson Stylus C88. After printing,
individual samples were cut from the sheet using a laser cutter or manually using scissors.
Samples were theevaluated by placing them on a hot plate initially set to 9@fd~{gure
3.5). This brought the sample closeTg which was shown to improve folding of the SMP
sheet$ An IR light placed ~5 cm above the hotplate surface was then turned on, which initiated
the folding esponse. In most experimental comparisons, the IR light was turned off when the

material reversed its folding or curving behavior.
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Figure 3.1 Storage modulus of PS as a function of temperature and frequency.
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Figure 3.2 Viscoelastic Master Curve. Colors correspond to colorgigure 3.1. Data for T < 105°C is
approximately constant and therefore is omitted for clagiofid red line represents Prony semesdel fit.
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Table 3.1 Prony series coefficients

# 1 2 3 4 5 6
g 0.2089 0.3654 0.3037 0.1011  0.01243 0.004661
u(s) 1.182 14.77 114.8 402 3096 25680
1.5 ;
‘\\\\_h :
— ™ 1
g ““n.,_x‘ 1
é -2 i h "“—-..,\ :
3 \u
o
- )
E -2.5 N\
I 1 T
:
_3 | | |
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Temperature (OC)

Figure 3.3 Typical DSC results for polystyrené®. The dashed red line represengsT03°C.
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films Printing via Cutting 9

Figure 3.4 Schematic of the experimental procedure applied to polystyrene SMP sheets. The sheets are received
in the prestrained state. A desktop inkjet printer patterns the shigetive desired ink pattern. Individual samples

are cut from the sheet manually or by using a laser cutter. Exposure of the sample to a radiant heat source, such
as an IR light, results in a temperature gradient through the thickness of the sheet. Wherslveet exceeds

the activation temperature, Tocally, the material shrinks, which can cause the sheet to deform out of plane.

~5cm

Figure 3.5 Schematic of folding experimental setup. The sample rests on a hotphieapeeto 90°C. An IR
light placed approximately 5 cm above the surface of the hotplate provides the external stimulus to initiate folding.
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Chapter 4: Modelling of shape memory polymer sheets that sefbld in response to
localized heating

Abstract

We conduct a nonlinear finite element analysis (FEA) of the thenachanical
shrinking and selfolding behavior of prestrained polystyrene polymer sheets.lf $&ding
is useful for actuation, packaging, and remote deployment of flat surfaces that convert to 3D
objects in response to a stimulus such as heat. The proposed FEA model accounts for the
viscoelastic recovery of pr&rained polystyrene sheets igpense to localized heating on the
surface of the polymer. Herein, the heat results from the localized absorption of light by ink
patterned on the surface of the sheet. This localized delivery of heat results in a temperature
gradient through the thicknesf the sheet, and thus a gradient of strain recovery, or shrinkage,
develops causing the polymer sheet to fold. This process transforms a 2D pattern into a 3D
shape through an origasiike behavior. The FEA predictions indicate that shrinking and
folding are sensitive to the thermmechanical history of the polymer during {steaining.
The model also shows that shrinkage does not vary linearly through the thickness of the
polymer during folding due to the accumulation of mass in the hinged region.
Counerintuitively, the maximum shrinkage does not occur at the patterned surface. Rather, it
occurs considerably below the top surface of the polymer. This investigation provides a
fundamental understanding of shrinking, geltling dynamics, and bending glas, and

provides design guidelines for origami shapes and structures.
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4.1 Introduction

Self-folding transforms twalimensional (2D) sheets into thrdanensional
(3D) objects through an origastike process with no direct manual interactith.
Applications of selfolding include remote deployment, packaging, manufacturing,
reconfigurable devices, and sa§sembly'’ Self-folding can be attained through the
use of active materials, such as shape memory polymers (3NBsshape memory
alloys (SMAs)!! either alone or in combination with passive materials includingd,
paper, or polymers.

SMPs are attractive due to their low cost, ease of processing, and a diverse
selection of activation stimulij.e, heat, light, pH, pneumatics, or chemical
modification? Thermally activated SMPs comprising gtained polymers that shrink
when heated above their shape memory activation temperatyrareTparticularly
attractive due to the variety of available chermmampositions and possible stimuli
(e.g, radiant heating, joule heating, and convective heating). These materials-are pre
strained at an elevated temperature close to the glass transition tempegawiréhel
material. Rapid cooling of the materialegerves the prstrained state. Reheating the
pre-strained polymer above the activation temperatwe;zauses the material to return
to its original state through a viscoelastic strain recovery process, generally referred to
as shrinkage. Shrinkage isfunction of both time and temperature and occurs more
rapidly at higher temperaturés.

Previously we have shown that black ink patterned on SMPs can labalbyb

light to induce folding":****We utilized prestrained polystyrenBMP sheets in the form
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of commercially available ShrinkRinks. These amorphous, biaxially ps&rained

sheets shrink #plane to approximately half of the original size in each direction when
thermally activated (dclose to | = 103°C).Figure 4.1 outlines schematically the
behaviour of three SMP samples when exposed to two different heat sources. The centre
column depicts the samples before heating. All three configuratioimk shniformly

when heated above,&s shown in the left column &fgure 4.1. These configurations
behave differently when exposed to a radiant heat soearggejnfrared (IR) light. A
transparent SMP does notristk readily when exposed to the radiant heat source
because the polymer does not absorb the radiant thermal energy efficteyuily 4.1,

top row)!® Samples coated with black ink absorb light more efficiently than uncoated
samples and a temperature gradient develops through the thickness of the sheet. As a
result, the polymer shrinks locally when the temperatusehes 7. This temperature
gradient results in a shrinkage gradient, due to a thermally accelerated viscoelastic
recovery, which causes the sheet to curl initially before flattening out upon recovery of
the material prestrain Eigure 4.1, middle row). Similarly, a sample patterned with lines

of ink (i.e,, 6hi ngeso6) exposed to radiant heat
patterned region only. This thermal gradient creates a shrinkage gradient, and the
polymer folds along the ink patteririQure 4.1, bottom row). While folding, the un
patterned regions do not shrink noticeably. This approach is different from the work of
others who have utilized patterned electrodesie¢liver heat locally through Joule

heating, which is another effective way of inducing-$elding.1%1°

46



Previously, we developed and preserdesimple geometrical nael that predict
t he maxi mum and tr aKdefinesl graphidaley mdhe lower rght g 1 e s
image offFigure 4.1) of seltfolding polymer sheetsS. However, that geometrical model
does not provide fundaental thermemechanical understanding of the relevant
material mechanisms and requires experimentally measured temperatures to predict
t r a n s»i Selffdldinglis significantly affected by the heat absorption and heat
transfer, the notinear relationstp between temperature and shrinkage, and the
conservation of mass in the hinge. Therefore, in this investigation, we use a rigorous
nonlinear finite element analysis (FEA) to gain insights into the fundamental behaviour
of folding process that cannot bebtained experimentally. This computational
framework also provides an understanding of the sensitivity of folding to the surface
heat flux and sample piraining process as discussed in the Supplementary
Information.

Different modelling studies of the ape recovery behaviour of SMPs have been
performed, and two approaches have generally been employed based on different
constitutive formulations. The model treats the material as a biphasic system consisting
of glassy and rubbery phasés’this approach is used to predict temperature dependent
behaviour, but not rate dependent behaviours. The second modelling approach utilizes
the viscoelastic properties of the SMP obtained via rheology or dynamic mechanical
analysis to model timeand temperaturdependent recovery behavidr® Others
studies have investigated the effects of the thermal and mechanical history applied to

the polymer on the recovery behavigt and finite deformation viscoelasticty?®
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using a combination of finite element or numerical analysis and experimental
evaluations.

In this study, we sk to gain fundamental understanding of the-&#dfing
behaviour of locally heated SMPs including the influence ofspman, surface heat flux
intensity, and hinge width (the width of the patterned region used to direct folding) on
the dynamic foldingbehaviour. After measuring and modelling the viscoelastic
properties of the material, we investigateeplane shrinking behaviour to validate the
implementation of the model. We also investigated the folding behaviour of samples
with patterned ink hinge©ur discussion includes a comparison and a validation of the
predictions of the nonlinear FEA model with previously published experimental®data.
An undersanding of strain recovery is critical for predicting origami geltling to
develop complex geometries. These predictions can, in turn, lead to optimal design
guidelines for origami shapes and structures based on the integration of computational

modelling and experimental measurements. This paper is organized as follows: in

=]

Computati onal Approach, 06 the FEA model
AResults and Discussion, 0 FEA preditction
plane shrinkage andeh for folding.
4.2 Computational Approach

We investigated the shrinking and folding behaviour of SMP by using the
viscoelastic material subroutine in ABAQUSTwo finite element models were
developed for comparison to experimental results: golane shrinkage modétf.

Supplemental Informatiofrigure S4.2 and a folding modelc{. Figure 4.2). We
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employed a simultaneous, thrdienensional, temperatwdisplacement analysis with
8-node trilinear elements. The solution tejud is based on uncoupled mechanical and
thermal solutions that result from the boundary conditions that are applied as shown in
Figure 4.2b andFigure S4.2b In both models, the following steps (illustratedrigure
4.3) modelled the sequence that produces thesfpegned material state. After setting a
uniform initial temperature of T = 112°C (above thg, B compressive displacement
was applied through the thicknes®fa the Zaxis), as shown iRigure 4.2a, to obtain
lateral strains in the transverse-f{plane) directions. The temperature is rapidly cooled
to 90°C (below the J) to preserve the deformed shape. The compresssplacements
are then unloaded elastically, and thermal and mechanical boundary conditions are then
applied to obtain the desiredphane shrinking or folding behaviour. The surface heat
flux, gin, applied to the folding model was approximated baseekperimental results
in which the rapidly heating filament in the IR lightbulb results in a dynamic surface
heat flux (see Supplemental Information for more details).

Shrinkage of the model in the-X plane (referred to as4plane shrinkage) was
modelledusing two planes of symmetrgf(Figure S4.2. The dimensions of the model
prior to shrinking were 10 mm (length) x 10 mm (width) x 0.3 mm (thickness).
Mechanical and thermal boundary conditions during thespeening and shrinking
processes were apptl as shown irFigures S4.2a,b A convergence analysis was
performed based on the strain of the sample throughout the shrinking process. The final

mesh size was selected to comprise 10 elements (length) x 10 elements (width) x 4

49



elements (thickness). Adathal details for the iplane shrinkage model can be found
in the Supplemental Information.

Folding was modelled using a single plane of symmetry due to thamftorm
thermal boundary conditions present experimentdligure 4.2 shows the boundary
conditions and mesh for the folding model. The dimensions of the model prior to folding
were 5 mm (length) x 20 mm (width) x 0.3 mm (thickness). Mechanical and thermal
boundary conditions during the ps&aining and dlding processes were applied
(Figure 4.2a,b) . A conver gencewasaperbotmgdsandsresudtedsneheé o n
mesh shown ifrigure 4.2c. Four hinge widths were investigated (1.0, 1.2, 1.5, and 2.0
mm), and each hinge was populated with 10 elementskrossathe width of the hinge.
These hinge widths were studiegiperimentally in our prior work!® Outside of the
hinge region, the mesh was refined to account for high stress, strain, and temperature
gradients.

4.3 Material Properties for Viscoelastic Model

The viscoelastic material properties for the Shribkgks material were
measured with a TA Instruments AR2000 rheometer. The material was assumed to be
thermarheologically simple, and isothermal frequency swedgia was shifted
horizontally in frequency according to the titemperature superposition principle
using the Williams_andelFerry (WLF) equatiord® The resulting master curve, which
represents material behaviour across a wide range of frequency or time, was fit with a
Prony series modeFigure 4.4a,c show the experimentally measured shear storage

modul isag@d6t he p hEgsre4ddaddsplag thg Proaynserigs)model
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fit to the frequency shifted storage mod

Prony series results in a satisfactory fit of the eldo the experimental data. Additional
details for the rheological model and other material properties can be found in the
Supplemental Information.
4.4 Results and Discussion
4.4.1In-Plane Shrinking Model

We validated the model implementation by compguesults from the uplane
shrinkage FEA with experimental shrinkage data for samples subjected to uniform
temperatures. Unlike folding, 4plane shrinkage is simpler because there are no
temperature gradients.€., it is isothermal). We modelled the-ptane shrinkage by
specifying the temperature on the boundary of the model in th&tqaieed state. The
material initially expands due to the increased temperature, but begins to shrink freely
as the temperature approaches and excegd¥he nodal dispcement during the

shrinkage process is used to calculate the shrinkaae S

(4.1)

wherelo is the prestrained length of the sample prior to recovery,laadhe shrunken
or instantaneous length of the sample. The dakigare 4.5a demonstrate excellent
agreement between the predicted values and experimental resultplameérshrinkage
at isothermal temperatures ranging from 100 to 120°C. The d&igure 4.5b show
excellent agreement between the predicted values and experimental resuddoein

shrinkage under uniform, linear heating for heating rates of 2 and 20°C/min.
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This agreement between the predicted values and experimentts kedidates
the model and numerical approach. We found the model to be sensitive to the thermo
mechanical history used to ps&rain the sample. Contrary to the work of otiférSthe
modelled material is sensitive to the cooling rate used to lock in thstraia. By
adjusting the cooling rate in the ps&raining cycle, w compensated for the hysteretic
behaviour of the material in the leathery transitibigure S4.3 in Supplemental
Information shows the effect of increasing the time to cool the material during pre
straining by an order of magnitude. Increasing the torebl the material (decreasing
the cooling rate) results in stress relaxation prior to locking in the materiatrpig?®
This reduces the initial rate of recovery oé tteheated sample, and the effect is most
evident for shrinkage at isothermal temperatures nealgtbkethe material.
4.4.2Folding Model

We modelled the selblding of patterned polymer sheets to gain better
understanding of the folding process. Fivg¢developed a model for folding a sample
with a 1 mm wide hinge. After completing the fsteaining sequence, representative
mechanical and thermal boundary conditions were applied to model the folding
behaviour. Mechanical boundary conditions were isgabto prevent rigid body motion
while avoiding overconstraint of the model. The thermal boundary conditions account
for nonuniform thermal boundary conditions caused by the hot plate that supports the
sample experimentally which was modelled as therowmitact conductance. A
convective heat transfer boundary condition was applied to the remaining, exposed

surfaces of the polymer shéé# uniformly distributed but nomonstant surface heat
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flux (Figure 4.6a) boundary condition is applied to the hinge region. Thiscmmstant
heat flux reslts from rapid heating of the filament in the IR light used to generate the
surface heat flux. Further discussion of the imposed thermal boundary conditions and
surface heat flux can be found in the Supplemental Information. Application of the
surface hetaflux shown inFigure 4.6a yields an average hinge temperature that agrees
well with the experimentally measured hinge temperateigeie 4.6b). Application of
the surfae heat fluxshown inFigure 4.6a to the hinge region also results in excellent
agreement for the bending angkeg(re 4.6c).

Figure 4.7 displays the average hinge temperature and bending angle for all four
hinge widths using similarly developed thermal boundaries as applied to the 1 mm
model. Here the predicted surface temperatures have an excellent agreement with the
experimentallymeasured temperatures for 1, 1.2, and 1.5himge widths; however,
the predicted average hinge temperature for the 2 mm hinge width is greater than the
experimentally measured hinge temperature by a maximum of 9.5°C. The evolution of
the bending angle asfunction of time and the maximum bending angle for all hinge
widths agrees well with the experimental results at longer time scales; however, it has
limited accuracy in the initial transient region for the larger hinge widths. The overall
fit of the moael to the experimental results is excellent considering the number of model
input parameters and the unquantified uncertainty in the experimental data.

We investigated the sensitivity of parameters related to folding that are difficult,
if not impossibleto ascertain experimentally for a better understanding of the folding

process. One parameter of interest is the thrabglhickness variation of the
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shrinkage in the hinged regiofigure 4.8a shows the temporafariation of axial
shrinkage in the hinged region for the 1 mm hinge width model. The overlaid grey lines
represent extensions of the upper and lower faces of the unshrunk polymer regions and
the folding angle bisection line. The folding angle is the cemgint to the bending
angle. From this result, it is seen that the shrinkage is not symmetric about a line that
bisects the hinge. The portion of the polymer in contact with the hot plate (the left side
of the sample irrigure 4.8a) shrinks slower than the portion that lifts off the hot plate.
The top surface of the hinge does not shrink the most and the bottom surface shrinks
some. Figure 48b shows the shrinkage througthet thickness normalized by
instantaneous depth. The shrinkage through the depth is initially linear, but as folding
progresses it becomes nbmear primarily due to the accumulation of mass in the
hinged region. The back of the hinge shrinks as the mhfehis Figure 4.8a,b). This
shrinkage arrests the folding process and may cause the material to unfold if not
properly contr ol | e dresulistof tkel2chin sagiplegwee48ce en i n
shows that the thickness of theage increases significantly as folding progresses. The
accumulation of material in the hinged region is consistent with experimental
observations as shown by the crgsstion images irrigure 4.9. Accumulation of
material in the hinged region is also consistent with the conservation of mass. This
accumulation is not accounted for by the simple geometric model presented

previously!?
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4.5 Conclusions

This paper applies a finite element model to predict th@ane shrinkage and
folding of prestrained polystyrene polymer sheets. This model is based on a
viscoelastic constitutive formulation, and the computational ieswdte validated with
experimental results and observations for average hinge temperature and transient
bendi ng. Thencgnpetatidmal model provides understanding that is difficult, if
not impossible, to obtain experimentally for behaviour pertaitontpe shrinking and
folding processes.

The predicted results for4plane shrinkage indicate that the process is sensitive
to the thermal and mechanical history of the sample. Reducing the cooling rate or
increasing temperature during the qsteaining gquence reduced the rate of strain
recovery, an effect that was most noticeable for isothermal recoverylnedrthe
material €f. Figure $4.3). For the folding predictions, the folding is not symmetric
about the centre of the hinge width due to the-moifiorm thermal boundary caused by
the hot plate used in the experimental configuration. The predictions substantiated that
the shrinkage gradient that causes folding is-lmoear across the sheet thickness. The
maximum shrinkage was not on the top swefatthe hinge, and the bottom surface of
the hinge shrinks some. The model predicted a local increase in hinge thickness.

This computational approach provides a detailed and validated understanding of the
folding process for seffiolding polymer origamiDevelopment of the model was originally
motivated by the limitations and assumptions of the simple geometric reagletgnservation

of mass not accounted for and a linear variation of shrinkage through hinge depth). The finite
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element model avoids thesassumptions and also allows the prediction of parameters and
understanding of therrao mechanical mechanisms that are difficult, if not impossible, to
obtain experimentally. These computational insights provide guidelines on how to improve
significantly the reliability of selfolding and how to optimize the folding process by
controlling the temporally and thermally dependent strain recovery using localized heating.
This understanding of strain recovery is critical for predicting origamifgleling of complex
geometries. This model is another step in developing predictive models that can be used to

achieve optimal origami structures.

Uniformly Heated Sample Sample at Room Temperature Sample Under IR Light
«O
Unpatterned ‘(D

I Initial Final

Top Surface Patterned

= W

ibc/‘
Locally Patterned Hinge ‘
Figure 4.1 lllustration of shrinkage/folding behaviour of ps&rained ShrinkyDinks SMP, Left column: samples

acted on by uniform heating shrinks to approximately half the original size in each direction while increasing in
thickness. Centre column: initial sample shape before heating. Shrinking or folding does not occur at room
temperatureRight column: samples under radiant heating (e.g., by IR light) shrink in regions patterned with ink.
Top row: unpatterned sample does not shrink. Middle row: entire top of sample coated with black ink initially
curls before flattening and shrinking. Bartt row: locally patterned sample folds along hinge.
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Figure 4.2 Folding model.(a) Mechanical boundary conditions during-steaining sequencéb) Mechanical
and thermal boundary condition of folding model during reco\@)ytolding model showing model symmetry
and mesh. Labels specify the number of elements that span the indicated reg@tneléments for 1.0 and 1.2
mm hinge widths,.X= 19 elements for 1.5 and 2.0 mm hinge widths=X0 elements/mm of hinge width. Y =
22 elements. Z = 24 elements.
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Figure 4.3 lllustration of thermal and mechanical boundary conditions for beiane recovery and folding
models during pretraining sequence.
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c) d)

Figure 4.9 Comparison of mass accumulation in hinged region for 2 mm h{ap&xperimental, early folding
stages(b) Experimental, late foldingtages(c) Computational model, shorter tim¢d) Computational model
longer times.
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Supplemental Information

The previously developed geometric model assumes that the top surface of the hinge
shrinks completely during folding while the bottom does stoink at all and that the axial
shrinkage varies linearly through the depth of the hidgehe geometric model also assumes
that the thickness of the lymer does not increase during the folding process. This assumption
does not account for mass conservatiogure S41a offers a slightly modified version of the
simple geometric model that accounts for both tagh lottom surface shrinkage according to

a, = 2tan‘1§‘@2\/1h (s - g)g (S4.9

whereWis the width of the hinge on the ps&ained materiah is the thickness of the polymer
sheet, ands and S are the shrinkage of the top and bottom surfaces of the hingexh,re

respectively. Shrinkage was defined previouslfEquation S4.1 Figure S41b shows the

results of this model f or aismsaimipedehenthettop a
surface shrinks completely and the bottom surface does not shrink at all. However,
experi ment al resul ts publ i s(maxanumperperimentau s | vy

bendi n gmarl@d? fer a ®mm hinge widthf.T h & is téduced by shrinking of the
bottom of t he pdanbe gchievedypa contbiaation oftiop ant bottom surface
shrinkage. If the bottom surface continues to shrink after the top has shrunk completely, the
sample unfolds as seen experimentally.

To model the shrinkage and folding behavior of thegtrained polystyrene pgher
sheet, we first evaluate the viscoelastic properties of the material. A TA Instruments AR2000

rheometer with a torsiehar clamp fixture measured the time and temperature dependent shear
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modulus. Preshrunk samples were mounted in the fixture andesibgl to an oscillatory strain

of 0.2% across a frequency sweep from 0.03 BI8 Hz. This frequency sweep was repeated

at 5° increments ranging from 95 to 120 The reaction force was obtained as a function of
strain and frequency, and the material stetarage modulus3)), shear loss modulu§f),

and phase angle (tanE G%G9 were calculatedFigures 4.4a,@lot the storage modulus and
phase angle as measured by the rheometer, respectively. A vertical shift @&mperatures

in Kelvin) has been applied to the storage and loss modulus data used to obtaitoteese p
These curves can be shifted horizontally in frequency according to thdetinperature
superposition principle to allow the evaluation of viscoelastic material properties at frequencies
or temperatures that are otherwise not measurable. Once stiitaddothermal curves make

up a viscoelastic master curve at the selected reference temperature. Assuming that the material
is thermerheologically simple, the isothermal curves can be shifted in frequency according to
the WilliamsLandetFerry (WLF) eqation®°

Cl(T - Tref) (543
C2 + (T - Tref)

log(a,) =-
where C; and C; are empirical parameters, is the experimental temperature, ahek is
typically taken as thglass transition temperatur€g. Reasonable alignment of the shear
modulus curves was obtained with the standard WLF shift fact@s=o0f.7.44 andC,= 516
30and a reference temperaturelef = To= 103 C. After obtaining the master curve, the time

temperature dependent behavior at any temperature above the glass transition tenigerature

can be determined through further application of the-tengperature superposition principle.
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The viscoelastic master curve obtained by the-teneperature superposition principle
can be modeled using a Prony series to represent a generalized Maxwel? #obedo this,
a series of suitable dimensionless relaxation magalind relaxation timelwere calculated
to fit a Prony series t6 @ndG° using a bounded search algorithm implemented in MATLAB.
The Prony series for the storage and loss moduli of a viscoelastic material can be implemented

in ABAQUS?® according to

, & 2 g . g2t )

G(f)=G. - S+G. A 2NET
(f) og]- i=1g|H oia:il_l_(2 r[i)z (S4.3
6(1)=6,4 -42A0). (4.9

i= 1+ (pr[i )2

whereGo is the instantarmis shear modulus ari@is the frequency in Hz. The generalized
Maxwell model is validated by the fit of the model to the experimental storage modulus data
(cf. Figure 4.4b), and the model is further validated by the fit of the model to the phase angle
data as shown iRigure 4.4d. As seen in these plots, the fit of the model begins to deteriorate
as the material enters the rubbery plateau and terminal zones of the data (low frequency). This
is attributed to the fact that polystyrene is a thermoplastic that will flow at Higin@eratures
or low frequencies (long times) even though the molecular weight of SHoimigs exceeds
the entanglement molecular weight of polystyrene. The calculated Prony series coefficients are
summarized iTable $S4.1. Other material properties used as inputs to the finite element model
are listed inrable $4.2.

The inplane shrinkage model makes use of two planes of symnoétiygure S42c).

The dimensions of the model prior to shrinking were 10 mm (length) x 10 mm (widtB) x O
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mm (thickness). Following the ps#raining sequence, the model was subjected to a specified
temperature boundary condition on all surfaces thag¢ wet planes of symmetry as shown in
Figure S42b. Mechanical displacement normal to each plane of symmetry was prevented in
addition to a prevention of owtf-plane (Zdirection) displacement of one node at the
intersection of the two planes of symmetry.

We evaluate the effect that cooling rate during material prestraining has on the Shrinky
Dink material recovery. It was found that increasing the time to cool the sarepla (ower
cooling rate) reduced the ftral rate of recovery of the sample as seefigure S43. This
effect is most noticeable for isothermal recovery ngattTs noted that in the comparison of
recovery model results to experimental data, therxyental process of placing the sample in
the hot stage which then mustastablish the preset temperature then taking the sample out of
the hot stage for measurement introduces uncertainty, which has not been quantified and may
account for some of thasgrepancies in the comparisons. Additionally, although the samples
nominally shrink ~55% in both iplane directions, this value may vary by a few percent from
sample to sample as well with some variation within each sample.

The outof-plane folding modelvith one plane of symmetry was showrFigure 4.2
Following the prestraining sequence, the model was subjected to convective boundary
conditions on all surfaces that were not the plane of symmetry. An additional thermal boundary
condition was appliedbtthe hinge surface to model heating of the hinge surface. Mechanical
displacement normal to the plane of symmetry was prevented in addition to fixed
displacements at specific locations on the model as showigume 4.2b. Initially, a model

for the foldng of a sample with a 1 mm hinge width was developed. To account for the non
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uniform thermal boundary conditions, a convective heat transfer coefficiest ®¥W/mKand
sink temperature of 9C was applied to all surfaces except the face in contacttietimot
plate and the back of the hinge. For the face in contact with the hot plate, a convective heat
transfer coefficient ofi = 2000W/mKand sink temperature of 90 was applied to model the
thermal contact conductance between the hot plate and §meyoFor the back of the hinge,
which lifts away from the hot plate through the folding process, a heat transfer coefficient that
transitions fromh = 2000W/mKto h = 5 W/mKacross the width of the hinge was applied.
These thermal boundary conditions werlidated by applying the experimentally measured
hinge temperature to the hinge region of the model. The model results provide a very
reasonable comparison of bending angle to the experimental results as Begpmar544.
For the larger hinge widths, the same length of transition for the heat transfer coefficient on
the back side of the hinge as that for the 1 mm hinge width model was used, although the
location of this transition on the back of the hinge wlaifted toward the edge of the hinge
nearest the hqtlate.

A suitable model for the IR heat flux was developed based on reported values for the
IR heat flux measured by a thermopile and comparison of modeled temperature results to the
measured hinge temgure. The IR flux of the light in the experimental setup is
approximately 1,000nW/cm (=10,000 W/n);® this value was initially applied as a constant
heat flux on the hinge surface. A model of the 1 mm hinge width sample using this constant
surface heat flux underpredicts the maximum bending angle of the hindgioAdlly, the
average temperature of the hinge heated by a surface heat flux (because the temperature is non

uniform when heated by a surface heat flux) is lower than the experimentally measured
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temperature. This experimentally measured temperaturensveoat misleading because the
software for the IR camera smooths the experimental data, and the IR image is pixelated due
to necessary aspects of the experimental setup. Because the bending angle and temperature
were underpredicted, a range of constarfiaserheat flux values were evaluated. As seen in
Figure S45, no single, constant surface heat flux accurately reproduced the bending angle and
average hinge temperature. Instead, acmrstant heat flux was usédht rapidly increases

when the light is turned on and eventually approaches some constant value. This heat flux
variation is representative of the mechanism of light production in an IR light where electrical
current flowing through the filament in theghitbulb initially causes a rapid heating of the
filament, and after a while, the filament approaches a constant temperature that yields a
constant heat flux. The time to reach constant heat flux is long compared to the duration of the
experiment.

The loc# axial shrinkage field irFigure 4.8awas calculated by determining the
shrinkage between two adjacent nodes in the model, and then assigning that shrinkage to the
midpoint between those nodes. This axial shrinkage field moves and rotates with the hinge
locally as it folds. Additionally, information for the shrinkage profile through the thickness
along the folding angle bisection line was extracted from the model by first selecting two nodes
each on the top and bottom of the lifted and-hifbed face ofthe folding polymer away from
the hinged region (8 nodes total). The two intersection points of vectors defined by these sets
of nodes are used to define the folding angle bisection vector. These vectors are depicted as

gray lines inFigure 4.8a
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Table $4.1 Prony series coefficients for Shrirlgink material

# | 1 2 3 4 5 6
G | 02089 0.3654 0.3037 0.1011 0.01243 0.004661
(;") 1182 1477 1148 402 3096 25680

Table $4.2 Material properties used in the finite element model

Property Value Reference
ThermoeRheologically Simple 1 :_17'44 30
WLF Parameters C2=516 [30]
Tret= Tg=103T this work
Instantaneous Elastic 1.78x 1@ Pa this work
Modulus, E
, R 0.33{T < Ty [32]
Poi sson®s 0.4995 T > Ty)
Thermal Conductivity, k 0.14W/mK [33]
Density,} 1050kg/m? [34]
. 2.09x 10¢K" T < Ty [32]
Thermal Expansion 5.65 x 10K (T > T,) (37
Specific Heat 1300J/kgK this work
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Figure S41 Alternate geometric model that accounts for shrgekaf top and bottom hinge surfac€a)
Geometric definitions(b) Bending angle predicted by alternate geometric model for a range of top and bottom
surface shrinkage values.
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Mechanical and thermal boundary condition eplane shrinkage model during shrinking procéskin-plane
folding model showing model symmetry and mesh. Labels specify the number of elementattize gpdicated
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Figure S43 Comparison of effect of short and long cooling times on isothermal recovery behavior. Samples
programmed by short cooling time shown as sdtidd. Samples programmed by long cooling time are shown
as dashed lines. Experimental data shown as discrete points.
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Figure S44 Bending angle results obtained by specifying experimentally measured hinge temperature for 1 mm
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Chapter 5: Fully-Coupled, ThermoViscoelastic Finite Element Model for Selfolding Shape
Memory Polymer Sheets

Abstract

The thermemechanical response of heat activated shape memory polymers (SMPSs)
has been investigated using a thewrszoelasticfinite element analysis that accounts for
external and internal heat sources. SMPs can be thermally stimulated by external heat sources,
such as temperature and surface heat flux, or from internal viscous heating. Viscous heating
can significantly affecthe response of SMP sheets by increasing the temperature during pre
strain, which accelerates stress relaxation. This stress relaxation results in a slower shrinking
rate when the SMP is reheated. Viscous heating also causes an increase in tempefagures dur
unconstrained recovery. The predicted results elucidate how the coupled-theomanical
loading conditions affect folding and unfolding of SMP sheets in response to localized heating
in a hinged region. A parametric study of sheet thickness, hindfh,vdegree of prstrain,
and hinge surface temperature is also conducted. The validated results can provide guidelines
for the design of functional, sefblding structures.
5.1 Introduction

Shape memory polymers (SMPs) represent a class of activeatsatleat can change
shape in response to external stimuli such as'tfdaght,”® pH,!? solventst® 1 and magnetic
fields1® Although SMPs have many applications, we are primarily interested in using the
material as environmentally responsive actuators forfekling origami structure§ 18
because of the potential multifunctional applications. Thermally activated $8MPshange

shape in response to heat, and are desirable due to their low cost and tailorable properties. Self
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folding using thermally activated SMPs is compatible with high throughput manufacturing
techniques, and can be used to obtain tdreensional (B) structures from planar sheets for
an array of applications, including medical stefft&, antennag? and engineered origami
applications, such as space telescépes.

Selftfolding in thermally activated SMP sheets is achieved by isolating material
shrirkage to localized hinge regions. This shrinkage results from the strain relaxation that
occurs upon reheating the SMP after an initiatgiraining sequence. Sdtflding can occur
in laminated shape memory composites using unfamloule heating,or in SMP sheets
patterned with black ink that are exposed to I&$ersnfrared (IR) ligh?® This approach, in
which SMPs are patterned with black ink, was first introduced by our gamapwas a focus
of the present study. In this method, the black ink absorbs light, resulting izdddaeating
beneath the ink. This results in thermal gradients through the thickness of the sheet. The SMP
sheet shrinks, locally, wherever the activation temperalyres exceeded, and the thermal
gradient results in a shrinkage gradient that prosifmiéing. In this method, the folding rate
(change in angle versus time) can be controlled by the rate of localized energy absorption and
the subsequent heat dissipation of the hinge region. This can be realized by changing the
intensity of the IR lightsurce or the light absorptivity of the iskComplex 3D structures can
be obtained by combining muhinged patterns with cuts in the matefial.

Different computational approaches have been utilized to obtain a detailed
understanding of the behavior of SMP sheets. Molecular dynamics (MD) studégsrbaided
insights into the molecular mechanisms that result in the shape memory&Hetthese

models are at spatial and temporal scales that are generally not relevant for mesoscale and
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maaoscale folded, origami structures. At the continuum level, there are two general
approaches to modeling the behavior of SMPs. In the first approach, the SMP material is
assumed to consist of both glassy and rubbery dorfathddeating the strained material
transforms the glassy domains to rubbery domains, which induces a mechanical response
through the release of stored entropic energy. This approach is computationally expedient, but
it does not fully account for the transient, thermechanical response diie material.
Alternatively, a thermeviscoelastic approach, which uses rheological data to formulate a
viscoelastic material model, has been used to study the thmedleanical behavior of
SMPs3%37 This approach captures the transient and temperdé&rendent response of the
polymer. However, the models developed up to this point failltp €ouple the thermal and
mechanical responses by not accounting for all relevant heating mechanisms. We sought a
better understanding of the therm@chanical mechanisms that lead to shrinking and folding
in SMP sheets. These mechanisms include time tangperature dependent moduli,
viscoelastic recovery, external temperature fields, surface heat fluxes, internal dissipative
viscous heat generation, and diffusive heat conduction.

As part of this study, we investigated viscous heating during the shgiakith folding
of SMP sheets. Viscous heat generation arises from viscous sliding and shearing of polymer
chains at the molecular lev&*2 This heating effect is significant in many polymer systems
during the transition from glassy to rubbery behavior, and is prevalent near the glass transition
temperature]y. Viscows heating, in response to ultrasonic waves, has been shown to have a
significant effect during the unfolding of polymer shetdrug delivery?#? and polymer

plasticization during injection moldirfj. Additionally, viscous heating affects rubber
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dampers, which dissipate energy from cyclic mechanical lodfitign these materials,
viscous heating can lead to significant thermal incredsehjch affect the behavior of the
damper. Hence, the effects of viscous heating must be understood among a myriad of effects,
such as damping and material failure.

The typical thermanechanicakycle applied to heat activated SMP¥“’involves
straining the polymer, which is initially at an elevated temperaturelgetr some temporary
shape (in this case, alorgated sheet). After cooling, the polymer retains the temporary shape
until, at some later time, the material is reheated. Upon reheating, the strain relaxes, and the
SMP recovers to the initial, unstrained shape. Viscous heating occurs whenevenibeoeiss
sliding among polymer chainisg., during both the initial straining and subsequent relaxing of
SMPs. Given the relationship between temperature and the shrinking or folding of SMP sheets,
viscous heating, in combination with other heating meishas would affect the shape change
response of the material. Additionally, viscous heating during shape recovery causes an
increase in temperatures that significantly affect the strain relaxation rate.

In a previous study, we have introduced a-hoear, 3D, viscoelastic finite element
(FE) approach with a thermmaechanical solution to investigate the behavior of SMA#at
model accounts for heat conduction and couples the mechanical solution to the thermal solution
via the timetemperature superposition principle (TTSP) using the WilliaarsdelFerry
(WLF) equatiorf® In the present work, we extended our previous niédel account for
relevant heating mechanisms. The goal was to couple fully the thermal and mechanical
behavior of the SMP by accounting for both viscous heating and TTSP as the SMP-was pre

strainedand subsequently relaxed upon reheating. In doing so, we sought to understand the
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thermemechanistic aspects related to shrinking and foldirgrecovery, of SMP sheets.
Herein, it was important to understand how the heat was partitioned between idessipdt
diffusive processes. Viscous heating results from mechanical energy dissipation, while
conduction diffuses heat that arises from internal and external sources. Heating affects
instantaneous moduli, which are related to TTSP, and also affects tleepaasion, which is

related to thermal stresses and strains. All these thermal components affect the internal
temperature distribution, but they are also coupled to the stresses through viscous heating. In
addition to the imposed thermal loading, eadrriial component affects thermaechanistic
aspects of shrinking and folding, which can provide further understanding regarding how time,
temperature, and stresses affect material response.

In this paper, we used a 3D, nlbmear finite element framework ith a therme
mechanical solution to study the shrinking, folding, and unfolding of SMP sheets while
accounting for both internal and external heat sources throughout the #mexchanical cycle.

These heat sources included viscous heating, conductiongeat@mm and temperature
boundary conditions. Additionally, we accounted for thermal expansion, viscoelasticity, and
temperature dependent material moduli. We began by describing the computational approach.
Then, we introduced the finite element model. Aftgroducing the finite element model, we
analyzed the effects of viscous heating during thespen sequence and subsequent
shrinking. Next, we investigated the effects of-pt&in times and temperatures. After that,

we introduced a scheme for thefolding of folded sheets. Finally, we conducted a parametric
study of the effects of material thickness, hinge width, degree etmmi@, and hinge

temperature to understand how these variables affect folding behavior.
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5.2 Computational Approach

We useda nonlinear, threedimensional finite element framework to evaluate the
sensitivity of the selfolding behavior to pratrain times and temperatures, material thickness,
degree of prestrain, hinge width, and hinge temperature. In the present stucipplied this
model to a polystyrene SMP commercially available as Grafix® shink film. We note, however,
that the approach is applicable to any SMP with a viscoelastic shape recovery mechanism. We
utilized a coupled thermmechanical framework with -Bode tilinear brick elements.
Concurrently, we utilized a linear viscoelastic material model for the time dependent behavior
of the SMP. Temperature dependence of the viscoelastic behavior was accounted for by the

TTSP using the WLF equatitfrgiven by

(5.1)

wherear is the shift factor for time and temperature dependent prope@ieand C, are
empirical constantsT is the local terperature, ander is the reference temperature, which
commonly is set td4 of the material. We modeled the viscoelastic behavior with a generalized

Maxwell model represented by a Prony series with

. T
G'(f):Gogl-' a gig"'GoaM

e =2 U iz 1+ (Zﬁl‘l )2 (5.2
"(1)=6,8 92An)
G (f)_Goi=11+(2,Uffi)2 (5.3)
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whereG Gs the shear storage modul@pis the shear loss moduluSy is the instantaneous
shear modulusyi is the incremental change in modulus associated with relaxatiorjtiamel

f is frequency.G 6is associated wh elastically stored energy in the system, &adis
associated with viscously damped energy. The phase dnglen (eprgsents a damping
factor, which is indicative of the relative amount of dissipated enemgyl{igher values of
t a nrésulf)in geater energy dissipation).

Equations 5.17 5.4 were used to couple the mechanical behavior to the thermal
response of the material. The thermal response was also coupled to the mechanical behavior
through viscous heating, which resulted from the dissipatfosziscous strain energy as

# =csé& (5.9
where ¢ is the viscous heatflugi s t he viscous heat fraé&ction,
is the viscous strain rate tensoraH0, no viscous heating occurred, and=fl, all viscous
work was converted to he&quation 5.5represents a heat source term, drbmtributes to

the heat equation as

(_#otal - #n + q@/ (56)
rc, % - DQkDT) = ¢! (5.7)

where g is the total heat flux due to internal and external sourgess the input heat flux

from external sources is the densityC; is the specific heat, arkds the thermal conductivity.
The change in temperature due to viscous heating can be determinefiguations 5.51

5.7.
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5.3 Results and Discussion
5.3.1Finite Element Model

The finite element models anésults for this investigation were divided into two
categories: (1) unconstrained recovery due to a uniform thermal boundary comdlitayufe
5.1a) and (2) folding due to localized heatirgg. Figure 5.1c). For the unconstrained recovery
case, the material shrank freely from a-giined state when heated above the activation
temperatureTa. For folding, a localized heat flux caused the material to shrink andléwid a
a predefined hinge region.

For both categories, the material was first subjected to a sequence of thermal and
mechanical loading conditiong=igure 5.1b) to develop material prstrain prior to the
recovery ghrinking or folding) phas¥. Experimentally, this prstrain resulted from the
commercial rolling process applied to Grafix® shrink film and was necessary to drive shape
recovery. The applied thermal and mechanical boundaries for th&trame sequence are
illustrated inFigure 5.1e. We used aypical SMP thermenechanical cycle to pstrain the
material®>4%4'The process initiated with the material at an elevated, uniform temperature that
was specified as an itial condition. The initial temperature used was comparable to
temperatures that are used in experimental studies of polystyrene*SMRs, the material
was compressed in thedirection with a specified displacement boundary condition. This
compression was representative of teenmercial rolling process used to induce transverse
strains in thelseet. The magnitude of the compression was determined by the target transverse
strains, initial thickness, and strained thickness. After the compression step, the material was

cooled with a constant cooling rate to 90°C, which was belgwThis cooling wa
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accomplished using a specified temperature boundary condition applied to the top and bottom
x-y plane faces. Then, the compressive displacement boundary was removed, but the transverse
strains were still present because the temperatures were bglavhich reduced polymer

chain mobility. Here, we make a distinction betweenThandTa. For the material studied,
Tg=103°C? but T2 was not knownTg represents the temperature at which free volume and
chain mobility change significantly. Our material has been shown to shrink at an isothermal
temperature of 100°C emss longer time scalé3HenceT, was less thaify for our material.
Becausd, for our material was not knowiig was specified as a reference tempermhalow

which significant recovery would not occur in the time scale investigated.

After the prestraining sequence, the material was reheated by applying specified
thermal boundary conditions, which depended on the type of recovery (shrinking or folding).
For the unconstrained recovery, a convective boundary with a specified isothermal sink
temperature Tsin, aboveTg, was specified on all surfaces to account for exposure of the
material to a uniform external temperatugay, being placed in an oven. IFeinged folding,

a temperature was specified on the surface of the hinge régigare 5.1d) when
experimentally measured temperature data was avaffabiethe absence of experimental
temperature data, a surface heat flux of 1000 m\Wigas specified in the hinge region to
represent the heat flux due to IR light.

The material properties for the Grafix® shrink film used in this study were obtained
from a previous investigatioby the authord. Storage modulus antn() are shifted in
frequency according tthe TTSP to obtain a viscoelastic master curve, showigure 5.1f,

usingthe WLF shift factor Equation 5.1) with standard WLF coefficients @:=17.44 and
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C>=51.6. A Prony seriesf. Equations 5271 5.4) with 6 terms is used to fit the experimental
data, and it captures the transition from th
modulus is based on experimentally obtained tensile testdataj the other material
parameters are representative values for polystyrene obtained from lité¥&ture.
5.3.2Effects of Viscous Heating

For a typical SMP thermmechanical sequence, we investigated the effectslly
coupling the thermal and mechanical FE solutions by accounting for viscous heat generation
(cf. Equation 55) and conduction, while also accounting for the time and temperature
dependence of the viscoelastic material properties using the WLHequAte probed the
effects of viscous heat generation during the previously describestraie sequence by
varying the viscous heat fractiog, in Equation 5.5 from O to 1. Increases iaresulted in
increases in temperature during the-gir@in comprssion stepKigure 5.2a). The displayed
temperatures represent average nodal values on thelame of the sheet normal to the
compression direction (theyplane with compression in the z direction). The gréatesease
in temperature corresponded ¢s1. The rapid rise in temperature was consistent with
experimental observations and computational results of temperature rise near or slightly above
the Ty in studies of polystyrene and other polymers acted upon by ultrasonic #¥&vés.
those studies, oscillating pressure waves interact with polymer chains which dissipate the
mechanical energy through viscous shearing and relaxttéf?As the material transitions
from the glassy phase to the rubbery phase, there is an increase in the amount of energy

dissipated by the material tha related to the increase in the phase angien3g4%*)
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The rapid rise in temperature during the compression step resulted in the rapid
relaxation of the viscoustresses based on the TTSRj@ation 5.1). This viscoelastic
relaxation was evident in the stress history in the axiak{g) direction. As seen iRigure
5.2b, the axial or normal stress (which was the largest stress componergrivitias initially
the same as the stress for the model wit@. For the model witte=1, when the internal
temperature increased rapidly at ~0.25 s, the axial stress decreased rapidly in magnitude. This
trend was detected for all valuesagreater thanero. Conversely, the magnitude of the axial
stress, fo=0, continued to increase to a maximum value at the end of the compression step.
The relaxation was also evident in the evolution of the transverse stresses on-ghenmid
during cooling, as seem iFigure 5.2c. For the model without viscous heatingg., =0,
compressive transverse stresses developed on thplaniel as the model cooled from the
outside in. This was due to the continued expansion of tiex iregions of the sheet during
cooling associated with viscoelastic relaxation that stemmed from the compression step. In
contrast, the model that accounted for viscous heating,ewithdeveloped transverse tensile
stresses with a smaller magnitude loa midplane. As before, this was a result of the outside
surfaces cooling before the interior of the material. However, the internal stresses had already
relaxed. Cooling of the outer surfaces first caused the interior of the sheet to be in tension. This
variation of transverse stress can be seen clearly in the contour gtajsref5.2d, which are
plotted on the undeformed cressction. Previous studies evaluate net material $t/3$8 or
energy stored in viscoelastic phenomenological elerfierit¥during the thermanechanical,
shape memory sequend®it donot account for the variation of stresses throughout the sheet

thickness. In this study, the resulting residual stress distribution was a function of the thermal
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and mechanical loads applied during thegirain sequence as well as the material properties
The distribution of residual stresses was due to the entropy state of the polymer chains, which
would affect shape recovery upon reheatthiy.has been shown that the relaxation modulus

at the end of thpre-straining sequence, which is related to the residual stress state, is directly
related to the recovery rate upon reheating.

The effects of viscous heating during the -pmining sequenceffacted the
unconstrained recovery behavior of the polymer as well. We subjected the material to the
previously described prgtrain sequence, and after releasing the mechanical compression
boundary, the material was cooled from 90°C to 25°C. A conveotivadary condition with
a uniform isothermal sink temperatufleik, greater thafy was then specified on all faces to
represent the uniform heating associated with the experimental investigatigelacing the
sample in a hot stagé Above Ty, polymer chain mobility increased, and the-pi@ined sheet

shrank. Shrinkage of the material as a function of ti&(g, was calculated according to

s(t)= E 'l ) (5.9

s
wherels is the length in the strained state aftjli the instantaneous length of the sheet. The
results for the unconstrained, isothermal recovery for sink temperatures of 110, 115, and 120°C
are shown inFigure 53a-c, respectively. The predicted results are compared with
experimental results (shown as discrete points) for polystyrene SMP obtained dtyal$®

As these results indicate, increasing the isothermal sink temperature resulted in faster recovery
of the prestrain?>®The stress rakation during the prstrain sequence, when accounting for

viscous heating, resulted in a slower initial recovery rate; however, the effect was less
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significant with increasing isothermal sink temperatirgw This has been observed for
investigationgertaining to increased viscoelastic relaxation due to longestraiming times

or higher prestraining temperatures, which result in slower recovery rates and a delay in the
start of recovery?® Figure 5.3a-c show that viscous heating during the-pteain sequence
affected the unconstrained recovery behavior essalt of changes to the state of residual
stresses prior to recoverycf( Figure 52b-d). Additionally, viscous heat generation
significantly affected the thermal response during recovery as a result of visabusdoeed
temperature rise as the material shrafigure 5.3d shows changes in average rpidne

temperature due to the components of conductidiif™™, and viscous heatin@T", such that
DT*@ = DT*™ + DT = DT ™ +(dT/dt)" dt (5.9

where (dT/dt)V is the viscous heating rate calculated accordingaoations5571 5.7. The

temperature rise due to conduction was obtained by subtracting the viscous heating component
from the totachange in temperature. The viscous heat generation for the 120°C unconstrained
recovery resulted in an increase in temperature of ~5.2°C, or ~5.3% of the total temperature
rise. While this value was small in comparison to the temperature change duéucticon it

would be large enough to influence the recovery behavior as indicated by changes in recovery
time due to 5°C increments in temperatucé Figure 5.3a-c). This temperature change
induced by viscous héag, DT', combined with the stress state at the end of thetpae
sequence, caused the material to complete recovery sooner thancewbefor sink
temperatures ofsink greater than or equal to 115°C. Furthermore, the temperaserdue to

viscous heating would be the same if the recovery had initiated from 90°C instead of 25°C
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because viscous heating is most significant igaxhere polymer chain mobility is increased.
The initial temperature of 25°C corresponded to the expetaheconditions used for
comparisort?
5.3.3Effects of Prestrain Time and Temperature

The preceding results underscore the significance of the th@ecbaical loads and
response of the material during the-pteain sequence. Other experimental and computational
investigations have shown that the time and temperatures used during-$tr@ipreequence
strongly influence the recovery behavior of SMP¥.6162Since viscous heating during the
pre-strain £quence affected the unconstrained recovery rate, we investigated the original pre
strain sequence with the following variations on specified initial temperature aistrgire
compression time

1 Specified initial temperature of 106°C.

1 Specified initial tenperature of 118°C.

1 Specified initial temperature of 112°C and double the time to compress

1 Specified initial temperature of 112°C and half the time to compress
The average miglane temperatures during the {3teaining sequence for the original and four
variations of the prstrain sequence are shownFigure 54a. This plot uses a reduced time
scale in which the abscissa values of the significant events are aligned. The baseline results are
the results fos=1, which were presented earlier.

Changes in the initial temperature resulted in a change in the heating rate during the
compression steg={gure 54a), but there was no change in the maximum temperature for

thesecases. By changing the time to strain, there were only slight changes in the maximum
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temperatures, but the polymer was still able to relax to approximately the same state during
each prestrain sequence. These effects are similar to the initial temper@bdr frequency
dependent heating effects seen in ultrasonic plasticization, in which rapid heating occurs near
Tg.* In all cases prented here, the viscoelastic stress relaxation duringstpaa was
accelerated due to the internal temperature rise that resulted from viscous heating. Following
each prestrain and cooling sequence, the material was reheated for unconstrained recovery
using a specified convective surface boundary condition with a sink temperature of
Tsin=110°C.Figure 54b shows that the resulting unconstrained recovery behavior for all pre
strain sequences for the specified A18ink temperature were nearly identical. The similarity
in recovery behavior was a result of the relaxed stress state of the polymer at the end of the
pre-strain sequency¥.
5.3.4Hinged Folding and Unfolding

We also investigated the effects of viscous heating on théadeithg behavior of the
polymer sheet. Sefblding was demonstrated for a 1 mm hinge width geometry, as shown in
Figure 5.1c. This hinge model for folding is introduced by Mailetal 3’ After the prestrain
sequence, an experimentally measured temperatureyfisteas specified as a thermal
boundary condition on the surface of the hinge region. The experimental hinge temperature as
a function of time was measurbg an IR camera and averaged along the center of the hinge
surface across the width of the sample.

Figure 5.5a shows the effect of viscous heating on the-&#tfing behavior using=0,
0.5, and 1. The bendinggle, U, is defined as the angle traversed by the sheet as it folds (the

supplement to the angle between the two panels adjacent to the hinge). These results were
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compared to the experimentally measutgdshown as discrete poirtdThe model withe=0
was equivalent to the results presented in our previous btk it is evidenthat the results
beyond 2 seconds do not agree with the experimental result. This was due to the applied
thermal boundary conditions outside of the heated hinge surface, which were assumed as
insulated for the present study. This assumption was madapdfgithe analysis procedure
and create a uniform thermal boundary condition. In the experiment, the sample is supported
by a hot plate, which acts as a heat sink and influences heat conduction in the material. Similar
to the unconstrained recovery resufiresented earlier, viscous heating duringsr&n
influenced the recovery response, but the magnitude of the viscous heat fraction had little
impact. A similar maximum bending anglé,max Was attained for all viscous heat fractions,
but the recovery response was delayed when accounting for viscous heating. This was due to
the slower recovery response at lower temperatures that resulted from viscous stress relaxation
during the prestrain sequence. This slower recovery was showsigare 5.3a.

Figure 55b shows contour plots of the temperature rise due to viscous heating at the
time steps 0f=3.5 s ad 5.8 s. The times for these contour plots are indicated with dashed lines
in Figure 55a. Viscous heat was generated in the hinge region as the model began to fold and
continued to increase aftékmaxWas attained. The maximum temperature increase due to
viscous heating occurred in the hinge region beneath the hinge surface as the material shrank
and accumulated due to the conservation of ffagscous heating primarily affected the
folding response through viscous stress relaxation during thetnaieing sequence and
preveried the agreement with experimental results by delaying the folding response.

Additionally, the thermal boundary conditions for the computational results could have
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affected the agreement with experimental results. Viscous heating during the folding proces
had a limited effect on the maximudh and the viscous heat reached a maximum after the

U maxhad been attained. Furthermore, because only a small region of the material shrank during
folding, there was a less significant temperature rise compared to the unconstrained recovery
case.

Unfolding of SMP sheets requires application of an external stimulus after the initial
folding, but this process has not been fully investigated computationally because of the
complex deformations that occur. Local absorption of high intensity focused ultragsound
polymer sheets folded belowy of the polymerhas been shown to cause local heating that
relaxes the strained polymer and causes it to ufdfold.simpler approach is to heat the
polymer uniformly abovél, after folding as illustrated irFigure 5.6. In Figure 5.6a, the
material was prestrained according to the psérain sequence and cooled to 90°C. An IR
surface flux boundary condition of 1000 mW/cmas applied to the hinge regioand the
material folded as shown iRigure 5.6b. Removing the heat flux andaling the material
belowTg, shown inFigure 5.6¢c, retained the folded state. This configuration was maintained
until the polymer was heated uniformly aboVg (Figure 5.6d). After shrinking, residual
strains from the folding process were still present.
5.3.5Parametric Study of Folding Variables

We wanted to further understand the effects of folding variables, such as sheet
thickness, hinge width, degree of fmteain, andhinge surface temperature. Strained sheet
thicknesses were varied from 0.03 to 0.3 mm (the nominal thickness of the polystyrene sheets

used experimentally) using the gstain sequence described previously, a degree e
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with a maximum shrinkagef Sna=55%, ande=1. After the prestrain sequence, a constant
surface heat flux of 1,000 mW/émwas applied to the hinge regiémhe results for the time
dependence df}, are shown irFigure 5.7a. The data ifFigure 5.7areveal that thinner sheets
folded faster. Thinner sheets took less time to heat through the thickness, and folding occurred
when a sufficient depth of material was heated aliate overcome the bending stiffness of
the unactivated thickness of the sheet. Theesb@nfolded after attainirgy,max Thelb maxfor
each sheet thickness and the time to réhghxare shown irfFigure 5.7b. Thel, maxwas 73°
att=0.91 s for a sheet thickness of 0.15 mm. Thicker sheets redghadt a later timet£0.18
s and,=57° for a 0.03 mm thick sheet compared=®.22 s and}=68° for a 0.3 mm thick
sheet). These results provide information about the effect of sheet thickrgss.and time
to fold. Thelh maxis also influenced by the hinge width, degoéerestrain, surface heat flux,
thermal conductivity of the polymer, and the thermal boundary conditions. Model images at
Ubmaxfor each sheet thickness are showfigure 5.7c.

The effects of hinge width werinvestigated for polymer sheets with a-pt@ined
thickness of 0.3 mm, a maximum shrinkage&sef=55%, and a viscous heat fractionasfl.
The hinge widths ranged from 0.5 to 2 mm, corresponding to the experimentally investigated
hinge widths>2’ As seen irFigure 5.8a, increases in the hinge width resulted in increases of
Ubmax While the time to fold the sheet decreased. Larger hinge widths were also more
susceptible to unfolding, because wider hinge widths allowed a larger region of the back of the
polymer sheet to exceeth. Unfolding occurred when the back of the shesched a
sufficiently high temperature, greater tikp and the material began to shrink. Thgnaxand

time of maximum are plotted iRigure 5.8b, in which a linear dependence @ on hinge
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width for the rang®f hinge widths studied is seen. This trend is similar to the trend observed
by Zhanget al?” although the current results predicted largagiues forl,. The U, differed
also from previous results published by our gréut this was caused by differences in the
thermal boundaries and viscous heat gatnem during the prstraining sequence, which
resulted in extensive relaxation of the viscous stresses prior to folding. The [Eigtaren5.8b
also reveal that the time to reach Usgaxapproaches asymptotically a value between 1 and 2
seconds. This indicates that there is a minimum time required for folding to occur, during
which a gradient of temperature and shrinkage is developed through the thickness of the sheet.
This time depnds on material thermal conductivity, sheet thickness, and initial temperature.
Model images atlhmax for each hinge width are shown Figure 5.8c. These results
substantiate that, of the sheet can be adjusteylchanging the width of the hinge alone.

The effects of prestrain on folding were investigated for the 1 mm hinge width
geometry Figure 5.9). We used the same ps&rain sequence as earlier in the paget, and
a strained thickness of 0.3 mm. As seefigure 5.9a,b, increasing the degree of gs&ain,
i.e., higher Snax increasedb max The Uy max Was attained at approximately the same time,
regardless of the degref prestrain, but an apparent maximum time to reachh@xwas
2.33 s for a sheet witfina=40%. Figure 59c shows each sheet & max It should be noted
that microscopic changes due to chain alignmenantegd by prestraining may influence the
mechanical and thermal properties of the polyfidhese results indicate that the degree of
presstrain also can be used to contthhax

We investigated the effects of isothermal hinge temperature on sheet folding. The 1

mm hinge width geometry witt=1 was prestrained for a maximum shrinkage $§a=55%
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and a thickness of 0.3 mm, which was representative of the polystyrene sbedtfor
experimental comparisonAfter the prestrain seqance, an isothermal boundary temperature
greater thafg ranging from 110°C to 120°C was applied to the hinge region, which resulted
in folding. The dependence bf on time, plotted irFigure 5.10a, revealed that the folding
rate increased with increasing temperature. Contour plots of the temperature distribution across
the hinge crossection are shown iRigure 5.10b. At 120°C, the bottom of the hinge region
attained a sufficiently high temperature that it began to shrink which caused unfolding in the
given time domain. In comparison, the temperatures on the bottom of the hiingefoeghe
110°C and 115°C models were low enough that the material in this region did not shrink
significantly in the given time domain. Hence, shrinking of the polymer on the back of the
hinge region leads to unfolding when the hinge surface tempersigu#iciently high.
5.4 Conclusions
We introduced a thredimensional, notlinear finite element framework that has
accounted for both external and internal heat sources to study the-tinechanical response
of SMPs during the prstraining and shapeecovery sequences. The coupled thermo
mechanical approach was used to predict the therstoelastic response of the material to
external thermal and mechanical loads. We investigated the interrelated effects of viscous
heating, prestrain conditions, sket thickness, hinge width, degree of-pteain, and hinge
temperature on folding. We also demonstrated how unfolding occurred foifeldetf sheet.
Viscous heat generation significantly affected the recovery and folding behavior of the
SMP sheet. Aapid increase in temperature occurred during the compressiatraire step

due to viscous heat generation. This caused viscous stresses to relax more quickly during the
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compression prstrain step, and it affected the residual stresses in the mateaaltgr
recovery. The change in residual stresses resulted in a slower initial recovery rate upon
reheating and delayed the folding process. The strain time and initial temperature during pre
strain had an insignificant effect on recovery behavior duesteeflaxation of viscous stresses
after the rapid temperature rise during compression. A significant increase in temperature
associated with viscous heating occurred during unconstrained recovery. However, the
temperature increase due to viscous heatingegassignificant during folding. A parametric
study showed that the maximum bending andigax can be increased for a folded structure

by increasing the hinge width, degree of-ptin, and hinge surface temperature. Folding
time can be reduced byedeasing the sheet thickness, increasing the hinge width, and
increasing the hinge temperature. These predicted trends were in agreement with previous
experimental observations. These predictions can be used to design optirhalldiself
structures by aatrolling sheet thickness, hinge width, degree ofgirain, and hinge surface

temperature for desired folded structures.
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Figure 5.1 (a) A depiction of the undeformed mesh used for the unconstrained recovery model (&t&tnaats
along the transverse directions, Z=16 elements through the thickness). (b) A graphical depiction of thermal and
mechanical boundaries during the fsteain sequence. (c) A depiction of the undeformed mesh used for the
folding model (X=Y=Z=20 elenents, %=10 elements/mm across the hinge width). The hinge region is
highlighted in red. (d) Thermal and mechanical loads applied during the folding sequence. (e) Plot of applied
mechanical and thermal boundary conditions duringsgman. (f) The viscoelstic master curve with a
comparison of experimental results (discrete points) and the fit Prony series model (red line) at the glass transition
temperature [E=T¢=103°C. The blue discrete points are for the shear storage modulus, G', and the grden discre
points are for the phase angle, tan(ud).
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Figure 52 (a) Viscous heating caused a rapid rise in the average temperature on {hlanaidf model,
perpendicular to the compression direction. (b) Temperature increases dueus kisating affected the average

stress on the miglane normal to the compression direction. (¢) Relaxation of compressive normal stresses
affected the average stress in the direction transverse to the compression direction omplaeenmdrmal to the
compression direction. (d) Transverse stresses along the plane parallel to the compression direction, after cooling,
indicated significant differences in the residual stress state. The result in the top contour plot does not account for
viscous heating, wite the result in the bottom contour plot does. Contours are plotted on the undeformed mesh.
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Figure 5.3 The viscous heat fraction and recovery temperature affected unconstrained recovery behavior. (a)
Isothermal temperature sifi=110°C. (b) Isothermal temperatureinE=115°C. (c) Isothermal temperature
Tsin=120°C. (d) Viscous heating during unconstrained recovery at 120°C caused an increase in internal
temperature. The average temperature changes on tqan&due to conducticand viscous heating are plotted
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for Tsin=120°C. Viscous heat generation accounted for ~5.3% of the total temperature increase.
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Figure 5.4 Viscous heating occurred during variations on the originakpregning sequence. (ajs¢ous heating
caused a rise in temperature during the compression step for-altgrevariations considered. A common time
scale is used for all prgtrain variations considered. (b) Due to viscous stress relaxation duristyaire the
unconstraing recovery response of models exposed t0s@T10°C convective boundary condition were
approximately identical.
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Figure 55 (a) Changes in the residual stress state after thetq@ia sequence resulted in a delayed folding
response. T h e isthecangte traversedybly the foldihg panel. The vertical, dashed lines represent

the times for the contour plotskigure 5.5b (b) Viscous heating caused a rise in temperature in the hinge region

during folding. For theseecnt our pl ot s, the viscous heat fraction wa
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Figure 5.6 Demonstration of folding and unfolding of a sindlimged SMP sheet. (a) The material was first pre
strained according to the pstrain sequence. (b) The sheet foliredesponse to a specified surface heat flux in

the hinged region. (c) The folded shape was retained after removing the heat flux and cooling the material to
below Ty. (d) The sheet unfolded and shrank after application of a uniform, isothermal bouoditioa with

a temperature greater thap T

102



80 T 75 25
(a) —t=0.30 mm (b) .
60 —t=0.15mm 2
—t=0.03 mm =g 10
—~ 40 > T
& 2 1.8g"
T 20 % 65 g
Ke) E —
o] 0 dj . 1 L
-20 T mw 0.5
q'™" = 1000—2
cm
-40 55 0
0 2 4 6 0 0.1 0.2 0.3
Time (s) Thickness (mm)

t=0.03 mm t=0.15 mm t=0.30 mm
Figure 57Resul t s for the investigation of 4 Usiegaednftamtct s of
surface heat fl ux appl i &dsatfuaction bféimerfar muitiple sheetghicknesses.( a) P
All sheets had the same initial,tisversepres t r ai n. (b)) A compari somnmpand t he mad

ti me t gnxf @@ céhadlh sheet thickness .,mCQolprinticatesgeamperatufe t he f
from blue (cool) to red (hat)

103



150 : 140 6
(a) —W=05mm (b) }
’5
100
g 4 g;
T 50 ]
£ 3 @
0
7in = 1000 mW *0 ?
= vV
1 cm?
-50 40¢ 1
0 2 4 6 0.5 1 1.5 2

Time (s) Hinge Width (mm)

<

W=0.5mm W=1.0 mm W=15mm W=20mm
Figuue58Resul ts for the investigation ofp t fp@dttedscact s of
)

function of time for a range of hinge wipghktahdstime ( b A
t o r emdCchimddesoffad e d mo gne. IColaa indicdles temperature from blue (cool) to red (hot).

104



80 2.4
(a) (b)
60 23
— ’&)a -
g E 2.2 _u—:
) % 40 g
21 %
© 20
g™ = 1000 m i
q" = v
cm
-20 0 1.9
0 2 4 6 0 20 40 60
Time (s) Maximum Shrinkage (%)

Smax =10% Smax =20% Smax =30% Smax =40% Smax =55%

Figure 5.9 Results for the investigation of the effects of the degree efpirer ai n on e n@asyagU angl e
function of time for a range gfre-strains listed by maximum possible shrinkage upon recovery. (b) Maximum

bendi ngoma N@lned, tU mex t OCYy ebmag &s odfu«xfof eadh degrde ofipmdam.] at U
Color indicates temperature from blue (cool) to red (hot).

105



(a) 40

20

 (deg)

10

0

—T=110C—T=115C—T=120C

-10

0 2 4 6 8 10 12
Time (s)

(b)

T (°C)

120.0
117.5
115.0
112.5
110.0

T=115°C 13;8
t=120s 1025
100.0

97.5
95.0
T=110°C 92.5

t=120s 90.0
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Chapter 6: Controllable Curvature from Planar Polymer Sheets in Response to Light
Abstract

The ability to change shape and control curvature in 3D structures starting from plana
sheets can aid in assembly and add functionality to an object. Herein, we convert planar sheets
of shape memory polymers (SMPs) into 3D objects with controllable curvature by dictating
where the sheets shrink. Ink patterned on the surface of the skedisaimfrared (IR) light,
resulting in localized heating, and the material shrinks locally wherever the temperature
exceeds the activation temperaturige We introduce two different mechanisms for controlling
curvature within S MPansr esestlacalizedl dhrenkage doi imdece t 6
curvature only in regions patterned with
shrinkage in regions patterned with ink to induce curvature in neighboring regions without ink
through a balance of internal esses. We employ finite element analysis to predict the final
shape of the polymer sheets in tandem with experimental studies and obtain excellent
gualitative agreement. Results from this study show that curvature can be controlled by the
distribution anddarkness of the ink pattern on the polymer sheet. Additionally, we utilize the
direct and indirect curvature mechanisms to demonstrate the formation and actuation of gripper
devices, which represent the potential utility of this approach.
6.1 Introduction

The ability to convert planar sheets into 3D shapes is attractive for several reasons: (i)
sheets can be stacked efficiently for storage and transportation, (ii) there are many high
throughput methods for patterning and cutting sheets, (iii) facile onanmous assembly of

3D structures reduces time and cost of deploying the product. Converting a planar sheet into a
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3D shape requires deformation of the sheet, which can be achieved by physical manipulation
or by using active materials. Active materials cdyange shape (i.e., shrink or expand) in
response to an external stimulus such as light, heat, or sohféritfsConventionally, these
responsivematerials are placed in regions where deformation is desiréd>1"%However,

as we hae demonstrated in this paper, it is also possible to use active materials to induce
deformation in adjacent regions of the material through a balance of internal stresses. The
internal stresses from the active regions can interact mechanically witrsineep@gions and
induce deformation.

I n this paper, we explored two strategies
of curvature to convert planar thermoplastic sheets into 3D shapes. We will use an example
from nature, i.e., the sunflower, shovin Figure 6.1A, to illustrate these two strategies.
Gradients in the rate of cell growth through the thickness of each petal cause the petals to curve
as highlighted in blue in the upper right corneFgjure 6.1A. The petal curves in part due to
a faster cell growth rate on the front surface of the petal relative to the back of th€ petal.
Similarly, continuous bending (not shown) or discrete folding of a piece of paper introduces
gradients in strain through the thickneg¢she sheet and induces curvature, as shown in the
upper image ofFigure 6.1B. These examples utilize the 06
curvature by applying strain (the folds in the piece of paper) directly fotitiens of the sheet
to be curved.

Al ternativel vy, curvature can arise oOindir
by one region elongating or shrinking relative to adjacent regions. For example, heliotropism

causes the stem of a young sunfloteecurve and follow the sun throughout the day as a result
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of accelerated cell growth along one side of the $feam,shown by the curvature in the lower
right corner ofFigure 6.1A, highlighted in red. The lower image figure 6.1B provides an
example of a sheet of paper that has curvature on one half of the sheet induced by a pleated
fold pattern on the other half. The portion of the sheet with curvature also undergoes some
strain, but the digction is that the strain is induced by internal stresses arising from the folded
region; stated differently, the curvature of the sheet would not exist if it was detached from the
pl eated region. We therefore refer to this a

These two mechanisms for inducing curvature can be realized via cell growth, as in the
sunflower, or via folding, as in the sheets of paper. Recently, discrete folds in tessellated Miura
Ori patterns on paper have been used to approximate surfaces witte posgative, and zero
Gaussian curvaturé;?® 23 put when refining the curvature, the number and densfiyids in
these patterns becomes impractical to fold manually. An alternative method for inducing
changes in material dimensions, such as strain that arises from swelling or shrinking of active
materials, can be harnessed to engineer sheets that cuegpamse to environmental stimuli
(e.g, pH, solvent, light, or heafy 131>

Hydrogels are active nerials that can change shape in response to external
stimuli,”17:243> and therefore are good candidates for inducing changes in curvature using the
direct and indirect mechanisms. Bilayers of hydrogel$¢4° or hydrogels patterned with
stiff regiong*#143 can produce curved 3D structurdse to differential swelling. However,
hydrogel based materials generally have a slow response time, low moduli, and require

continuous solvent exposure to maintain their deformed shape.
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Conventional SMPs are attractive shape changing alternatives tawgel® their
relatively short response time, higher stiffness, and potential responsiveness to a wide range of
activation stimuli. Activation stimuli for SMPs include heat, light, and electric
fields#>10.18.36.40449 Heat activated SMPs can respond to a variety of heat sources, such as
uniform heating;>° local energy absorpticht>84751or Joule heating’ SMPs can generate
discretely folded structures in laminated compo&ités>2"280r homogeneous sheéts:
Additionally, heat activated SMPs maintain their shape upon removal of the stimulus. Based
on these advantages, we sought an approach to obtain direct and indirect curvature in
thermoplastic SMP #ets by using differential shrinking.

The approach described here used polystyrene sheets, available commercially as
Grafix® Shrink Film, that were initially strained in two directions. These sheets shrink (i.e.
recover or relax), when heated above aaaitactivation temperatur@, (Taa Tg, the glass
transition temperature). This approach produced curvature by control of localized shrinkage
within the sheet. Black ink patterns were printed on the polymer using a desktop inkjet printer.
Black ink absorbs a higher percentage of energy fa IR light than wpatterned regions of
the polymer. When exposed to an IR light, localized heating in the black ink regions created a
gradient in temperature and shrinkage through the thickness of the' Ste®tgradient in
shrinkage could produce an eaftp | ane def ormation via t.he 06di
Additionally, due to a balance of internal stresses, shrinking of patterned regions could cause
def ormati on i n unpatterned regions accordi
Computational modeling has been used to understand better the shape meoesg at

atomistic and continuum levels and to provide a predictive tool to aid in the design of localized
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shrinkage patterr®®>’ The development of ink patterns and sample geometries that produce
spatially varying curvature is necessary to obtain complex, 3D shapes for practical applications
of thermallyactivated SMP sheets.

We demonstrated the direct and indirect curvature mechanisms in heat activated SMP
sheets by coupling the behavior of stiff, unactivated regions of the sheet with softened,
activated regions. Our approach combined computational and mvgoeal results to predict
and physically demonstrate the control of curvature. We performed a systematic study on the
effects that ink darkness, ink distribution, and sample geometry had on the deformed curved
structure. Qualitative and quantitative comgamns of computational and experimental results
showed excellent agreement. Motivated by the goal to develop functionahspiced
structures, we concluded by demonstrating a gripper device produced using the methods
developed in this paper.

6.2 Resultsand Discussion
6.2.1 Indirect Curvature Mechanism

Curvature in thermoplastic SMP sheets can be induced by both the indirect and direct
mechanisms by controlling the location and extent of localized shrinkage. The placement of
ink dictates where shrinkagell occur in response to light®2°8Although an infinite number
of ways exist to distribute ink on a sheet, we chose designs that contained both inked and non
inked regions to demonstrate and study systematically the indirect mechanism. Specifically,
we patterned 30 mm x 10 mm SMP samples witlizbotal strips of ink so that each sample
was covered on averagd 50% with ink, as seen at the top centef~@fure 6.2. These

samples differed only in the placement of the ink.
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Despite having equal amounts pkicoverage, the two sampledHigure 6.2 produced
very different final shapes. The sample shown in the left h&digefre 6.2, having two equal
width black strips alonghe long edges of the sheet, produced a synclastic response (i.e.,
positive Gaussian curvature), and the sample on the right half of the figure, having a single
centered black strip, produced an anticlastic response (i.e., negative Gaussian curvature). The
synclastic samples bent initially toward the inked side of the sheet with the long axis of the
sheet remaining flact. the left half ofFigure 6.2). Then the entire sample curled towards the
patterned side of thsheet due to shrinking of the upturned, inked regions. This trend was
evident in both computational and experimental results. Conversely, the anticlastic sample
folded initially along the central patterned region before curling backwards, away from the
inked surfacedf. the right half ofFigure 6.2). Experimentally, at some critical time, there was
a snagthrough instability as the sheet curled backwards. This-8wapgh behavior was not
seen in the computatiahresult, which unfolded as the sheet curled backwards. In both
synclastic and anticlastic cases, the final shape resulted from the interaction between the stiff
portions of the sample and the shrinking inked regions.

We explored three patterns similar ttiose inFigure 6.2 to evaluate the behavior
between the anticlastic and synclastic extremes. In these patterns, the outer strips decreased in
ink darkness from 80%, to 50%, to 20% as sedfngare 6.3B - D. A 50% weighted average
ink coverage was maintained by adjusting the darkness of the centen.styig00 ink
darkness on half of the sample combined with 80% darkness on the other half is equivalent to
half of the smple having 100% darkness). Darker ink absorbs light more effectively than

lighter ink, which causes the material to heat and shrink more quickly when exposed to the
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same intensity of IR lightcf. Figure S6.2Ain Supporting Information). Although the @t
sheet heated and became active for patterns B and D, we classified this as part of the indirect
curvature mechanism because the darker patterned regions shrank significantly faster than the
lighter patterned regions. Note that the patter®sgore 6.3A, E, are the same as those shown
in Figure 6.2. A comparison ofigure 6.3A-B (and likewise Figure 6.3D-E) indicates that
the samples maintained the synclastic and anticlastic responses across a range of ink
darknesses. However, the response was random for a sample patterned uniformly with 50%
black ink €f. Figure 6.3C). This regime produces narpeatable structures with no preference
for direction of curvature other than the upward curvature of the sheet since the inked side of
the sheet shrinks more than the botfo¥r8The results shown iRigure 6.3 indicate that the
contrast between patterned regions and the location of the darkest regions influences
significantly the curvature of the sheet, but the darkness of ink can be varied to some extent.
This behavior was seen in both computational aqetemental results with good qualitative
agreement between the deformed shapes.

We designed a second set of patterns with 50% of the surface covered in black ink to
evaluate further the effects of ink distribution. As seefigure 64, changing the location of
ink on the surface of the polymer resulted in drastic changes to the final shape. We also
evaluated aspect ratios of 3:1, 2:1, and 1:1 to determine the effect of sample geometry on the
material deformatiorduring recovery. The minimum sample width is 10 mm. The same
general trend appeared for each pattern regardless of aspect ratio. However, larger aspect ratios
allowed the opposite ends of the sample to come closer together. This relationship was a

geometic effect that resulted from having a fixed percentage of shrinkage occurring along
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greater lengths for higher aspect ratio samples. The curvature for all patterns resulted from a
balance of internal stresses resulting from the shrinking response ofreweds, and it is
representative of the indirect curvature mechanism.

Figure 64 shows general agreement between the computational and experimental
results; however, there are some discrepancies. For sampldfdderdies in the thermal
boundary caused the predicted results to have a larger radius of curvature. The computational
results used a constant thermal boundary condition throughout the recovery process, but the
experimental thermal boundary conditions aethwith time and position. In the experimental
setup, the samples rested on a hot plate, which acted as a heat sink that influenced heat
conduction through the sample. When the sample began to deform, the bottom portion of the
sample lifted off the hot pte, and experienced a roniform thermal boundary condition.

This change in thermal boundary conditions was not only a function of time but also a function
of space as the experimental samples fell over and moved on the hot plate while curling into
theirfinal structure. The discrepancy between the computational and experimental results seen
in Figure 6.3E extended to the samples of smaller aspect ratfoSigur e 64B). The outcome

for designs B and D are comparable, which was expected due to their similarities in ink pattern.
However, design D yielded a smaller final deformation for each aspect ratio compared to
design B due to the slightly narrower ink border alondehgth of the sample.

6.2.2 Direct Curvature Mechanism

We demonstrated the direct curvature mechanism with patterns that had gradients of
ink darkness along the length of the sample, as shoviigure 6.5. The Iccal radius of

curvature changed along the length of the sample as a result of the changing ink darkness. The
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left column inFigure 6.5 depicts the ink darkness graphically across the length of the sample.
The overaid red lines aid in visualizing the changing ink darkness. Computational results are
shown in the center column, and experimental results are shown in théarghcolumn.
Regions of darker ink in the gradient patterns showigare 6.5A-C shrank more quickly
than lighter colored regions. This resulted in tighter curling along the length of the sample
throughout the duration of the experiment. The computational and experimental results for
samples A and B diffed due to temperature namiformities in the sample and the applied
thermal boundary conditions in the model. Additionally, the experimental samples heated up
faster as they moved toward the light during the experiment. Recent research findings support
the change in the axis of rotation with local pattern aspect ratio seen in the computational
results for designs A C.>° Computational and experimental results for design C agreed well
as a result of higher ink darkness along a greater length of the sample. Additionally, we
evaluated experimentally the patterngigure 6.5A-C for three aspect ratiosf( Figure S6.3
in Supplemental Information) and found that the trends for curvature and total deformation
were similar to those se@mFigure 64.

Additionally, we considered direct curvature patterns that used linear ink gradients that
increased or decreased in darkness in opposite directions. DesifigDrie 6.5 demonstrates
a pattern that produced a nearly zero Gaussi
along a discrete black life>>®However, design Ddwed along the two outer panels, which
prevented the adherence of the deformation to our previously reported model for predicting
folding angle®® A completly different final shape was obtained when the direction of the

gradients was reversed, asHigure 6 5E. Design E yielded a similar curvature response to
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design B, but the curved portion was mirrored acrosseheer of the sample. The final total
deformation was smaller for design E compared to design B due to the reduced aspect ratio of
the gradient which resulted from splitting the gradient into two portions of the 3:1 aspect ratio
sheet.
6.2.3 BicInspired Gripper Devices

We used the indirecE{gure 6.6A) and direct Figure 6.6B) curvature mechanisms to
develop fourpaneled arrays that contained both folding and continuawstcme. The panels
in the top pattern ofigure 6.6A have black ink that covers 50% of the surface area, and the
panels in bottom pattern have linear gradients in ink darkness. We compared the computational
and eyerimental results using digital 3D point clouds with excellent qualitative agreement.
We created the 3D point clouds via serial sectionafigHigure S6.4 by compiling the data
points from individual milling steps, as described in the Experimentaloseand further
detailed in the Supplemental Information. The colorBigure 6.6B-C correspond to height.
Nodal coordinates from the computational results are overlaid on this image in black. We
extracted individal panels, which are depicted in the right columrFigure 6.6B-C, for
enhanced clarity. Excellent qualitative agreement existed between the computational and
experimental results; however, the discrepancieottatrred were attributed to the symmetry
inherent within the computational model and known experimental limitations including light
field uniformity, shadowing effects, changes to the thermal boundary conditions and
experimental uncertainties.

We quantifiel the agreement between the computational and experimental results using

the dihedral angled, and radius of curvatur®., for each sample. Théwas measured via
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ImageJ, and thB: was calculated by selecting three points along the edge of the curved panels,
as depicted on the gradient computational resiiigore 6.7A (see SEquations S6.11 S6.4
andFigure S6.5for additional information o). Thed results shown graphically figure
6.7B exhibit a good agreement between the computational and experinesulés, regardless
of design. The experimental values were consistently lower than their computational
counterpart. One reason for this difference was that all experimental samples were exposed to
an external stimulus until the point at which they begarnreverse their direction of
deformation. Once this occurred, the stimulus was removed. Because the polymer was at an
elevated temperature, it continued to deform until sufficiently cooled. As a resultydhees
for the experimental structures were marginally lower relative to the experimental maximum
and the values obtained from the computational restite R. values display excellent
guantitative agreement between the computational and experimettames. TheR. was
substantially smaller for the gradient patterned samples compared to the bordered panels.
These smaller values resulted from the hblo& motion induced by the increase in ink
darkness on the tips of the gradient panels. The experimantion in thedandR., indicated
by the error bars resulting from measurements averaged over ~ 16 panels, were considerably
larger than those for the computational results. Panel twisting and overlapping caused by
experimental variations (such as light and heatunaformities and imperfect ink coverage)
prevented every panel from being analyzed by the edge detection algorithm.

Grippers represent one potential application of structures resulting from this work.
Figure 68A shaws a pattern for a sipaneled gripper using indirect curvature. These designs

were demonstrated by placing them face down over some object, for example the head of a
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bolt as depicted iRigure 68B, and the panel®oved downward to grip the bolt upon exposure
to IR light. These functional devices were capable of holding ~ 925 times their own wéight (
Figure 68C).
6.3 Conclusions

We presented a method for converting plasheets of prstrained, polystyrene SMP
into 3D objects with controlled curvature. The sheets were patterned with ink from an inkjet
printer, which allowed them to heat locally and shrink when exposed to IR light. Changing the
distribution and darknessd ink on the surface of the SMP controlled the curvature of the sheet.
Sheets with the same initial shape and ink coverage formed distinctly different 3D shapes
depending on the placement of ink in the pattern. Computational and experimental studies were
carried out in tandem with generally good qualitative and quantitative agreement.

Two methods for inducing curvature were introduced, which we termed the indirect
and direct mechanisms of curvature. For the indirect mechanisminkeoh regions of the
shest became curved in response to shrinkage of adjacent, inked regions, which shrank in
response to IR light. The nature of the curvature could be varied from synclastic (positive
Gaussian curvature) to anticlastic (negative Gaussian curvature) by chdregingation of
the ink on the polymer surface. The aspect ratio of the sheet had a limited effect on the nature
of the curvature. Alternatively, for the direct mechanism, curvature occurred only within inked
regions of the sheet, as demonstrated usin@iigeadients in ink darkness. The radius of
curvature varied along the length of the sheet due to differences in the rate of local heat
absorption and thus material shrinkage. Finally, functional gripper devices capable of holding

~ 925 times their own maswere demonstrated. The results presented here can be used to
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design additional functional 3D structures from planar polymer sheets that change shape in
response to external stimuli.
6.4 Computational Sections

We used computational modeling to predictllamed curvature control in pigrained,
polystyrene sheets. The details of our 3D,-hoear finite element model are reported in a
previous study? Briefly, the model is based on a thenviscoelastic material model with a
coupled thermanechanical solution. The time and temperature dependent response of the
materials was accounted faccording to the tim&mperature superposition principle with the
Williams-LandetFerry (WLF) equatioft® The thermomechanical history of the maaevas
divided into two phases: praining and recovery.

A sequence of thermal and mechanical loads, typical for S¥#Psyas used to impart
presstrain into the mizrial. The material was subjected to an elevated temperature, and then it
was mechanically compressed through the thickness of the sheet to prodsitaipne the
transverse plane. This compression step was representative of the heated rollingupeatess
to commercially fabricate the material. The material was then cooled using a specified
temperature boundary condition, after which the compressive loading was removed.-The pre
strain stored at the end of this step was equivalent to thetnaia stoed in the aseceived
experimental materidt®®

After the prestrain sequence, the material was subjected to both thermal and
mechanical boundary conditions that were representative of the experimental conditions. |
this step, a specified surface heat flux was applied to the top surface of the sheet according to

a predefined pattern of infk.The magnitude of this flux was adjusted based on the local ink
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darkness, which influenced the local absorption of thermal energy. As a result of the surface
heat flux, the sheet began to hezt Figure S6.2B. The inplane shrinkage caused by local
heating and conduction resulted in an-ofiplane deformation of the material. We assumed
that regions without a specified heat flux were subject to free convection with a heat transfer
coefficienth=5 W/mPA K a sinit temperature dkin=90°C.

6.5 Experimental Section

The substrates used throughout all experimental work were Grafix® clear- inkjet
printable shrink film sheets, which were composed of polystyrene (PS) coated with a thin
polyvinyl alcohol (PVA) layefor increased ink adhesion. These biaxially strained films shrink
by ~ 55% when uniformly heated above theif The sample preparation process is illustrated
in Figure S6.1A Black ink was printed onto these shrink films using an Epson® Stylus C88+
desktop, inkjet printer and the accompanying Epson® 60 blackarikidge. The sample
designs were generated using CoreDRAW® and printed onto the sheet. All sample geometries
were initially chosen as 30 x 10 mm rectangles. The samples were removed from the shrink
film using scissors.

Once samples were prepared, theye placed onto a hot plate set to 90°C where they
were allowed to equilibrate thermally. A 250 W infrared (IR) lamp was placed ~ 5 cm above
the surface of the sample and turned on. The ink placed onto the sample absorbed the thermal
energy from the lampnd generated a temperature gradient through the thickness of the sheet.
This temperature gradient resulted in a strain relaxation gradient through the sheet at all
locations where th&, is exceededTia Tq= 103°C from our previous studi¢SJhe shrinkage

gradient resulted in an owutf-plane deformation. The darkness of ink and the amount of ink
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placed onto the substrate as well as the ink locations were related directly to the rate at which
the sample heated and the resulting motion sgare S6.2in the Suppding information).
Previous reports demonstrate the ability to produce discrete folds from this prdc&dfré.

To determine the effect of sample geometry upon final structure, the aspedoratarh

design was varied between 3:1, 2:1, and 1:1 with the initial 3:1 ratio having dimensions of 30
mm x 10 mm.

To quantify the comparison between the computational and experimental resuits, high
resolution images were taken of each sample from as@deusing a Canon® EOS Rebel T3
DSLR camera. The experimental and computational sample images were analyzed by a Sobel
edge detection algorithm in MATLAB. The algorithm output scaled coordinates that represent
the edges of the material, and select poirgee used to calculate the radius of curvature of the
deformed sheetc{. Equations S6.1-S6.3). All other image analysis was performed in
ImageX®

Bio-inspired structures composed of fquaneled and sipaneled, rectangular arrays
were designed in which the panels were curved according to eiitemt and indirect
mechanisms for curvature. To gain a complete qualitative understanding of the sample
behavior, a 3D point cloud was generated via serial sectiotfirtgdure S6.4A). The samples
were painted contrasting colors on the inside and aussidaces using FolkArt® acrylic paint
for increased contrast. Painted samples were mounted onto a poly(methyl methacrylate)
(PMMA) Dbase using LoctiteE Heavy Duty Epoxy
Polyester Casting Resin. These cast samples allenged to dry and harden for a minimum

of 48 hours to ensure that the molds were fully solidified. The solidified sample casting was
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milled in approximately 0.5 mm increments using a Bridgeport CNC mill. At each milling
interval, highresolution digitalimages were taken of the cast from a top view, and the
thickness of the casting was measured using a caliper. These images of the milled casting were
analyzed by a MATLAB edge detection algorithm, and the data points generated for each of

~15 layers wereampiled into one 3D point cloud.

ANNNNNN

Figure 6.1 (A) Sunflowers exhibit two mechanisms for generating natural curvature. Lower right image (red):
Cell growth on one side of the stemprompted by heliotropisr has caused theéesn of the sunflower to bend.

This is an example of the indirect curvature mechanism. Upper right image (blue): A gradient of cell growth
through the thickness of the petal has caused the petals of the sunflower to curve. This is an example of the direct
curvature mechanism. B) Paper analogs that demonstrate both mechanisms of curvature in (A) can be formed
using discrete fold patterns. Lower: Pleats of mountain (solid lines) and valley (dashed lines) folds along one side
of a rectangular piece of paper sauhe half without folds to curve due to the indirect curvature mechanism.
Upper image: Valley folds with a gradient of spacing cause the sheet to curve in a discontinuous fashion due to
the direct curvature mechanism. The scale bars are 25 mm.
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Figure 6.2 Progression of deformation of SMP samples 50% covered with black ink. Images progress in sequence
of time from top to bottom. Both synclastic and anticlastic samples take less than 10 seconds to complete their
activation respores Left two columns: Samples patterned with black strips along the outer edges bent up initially
along the edges before the sample was curled towards the inked side in a synclastic (positive Gaussian curvature)
manner. Right two columns: Samples patterwéh a black strip along the middle initially folded along the ink
pattern then curled away from the ink in an anticlastic (negative Gaussian curvature) manner. The colors in the
computational images represent temperatures ranging from beld¢hlue) to dove Ty (red). Intermediate
temperatures are depicted in green. The scale bar is 5 mm.
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Figure 6.3 Changes to the ink darkness resulted in a transition from a synclastic to anticlastic response. The
percent ink darkness of eachigtwas superimposed on the patterns in the left column. (A, B) Synclastic, positive
Gaussian curvature. (C) Random curvature formed by uniform ink coverage. (D, E) Anticlastic, negative Gaussian
curvature. Slight heating of the previously uninked strips(D) softened the material enough that the
experimentally seen anticlastic behavior was predicted computationally. The colors in the computational images
represent temperatures ranging from belg®blue) to above J(red). The scale bar is 5 mm.
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Figure 64 An illustration of the effects of changes to the substrate aspect ratio while maintaining 50% ink
coverage. (A) Two equakith horizontal strips produced a synclastic response. (B) A single, centrally located,

horizontalstp pr oduced an anticlastic

response.

(C)

A hori z

(D) An equal width border created a similar synclastic response as in (A). In general, the total deformation was
influenced by the substrate aspect rafioe colors in the computational images represent temperatures ranging

from below Ty (blue) to above J(red). Scale bars are 5 mm.
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Figure 6.5 Linear gradients of ink influenced curving behavior. (A) Bilinear gradient where BR%arkness
occurred 75% of the distance across the sample. (B) Linear gradient across the full sample width. (C) Bilinear
gradient where 50% ink darkness occurred 25% of the distance across the sample. (D) Bilinear gradient with
maximum darkness in the mer. (E) Bilinear gradient with maximum darkness at edges. The colors in the
computational images represent temperatures ranging from bglfiMu€) to above J(red). The glass slide in

the experimental result images for design€ Avere not present dag the sample recovery process, but were

used to hold the sample for imaging convenience. Scale bars are 5 mm for sai@pdesl A0 mm for samples
D-E.
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Figure 6.6 Comparison of experimentally and computationally generatedtstescutilizing both direct and

indirect mechanisms. (A) Spatially varying curvature was controlled by ink distribution. There was excellent
visual agreement between the computational and experimental results. The colors in the computational images
represat temperatures ranging from beloy(blue) to above J(red). (B-C) 3D point clouds produced via serial
sectioning for both the bordered and gradient ink patterns, B and C respectively. The black points represent the
computational results, and the coldngoints indicate the experimental samples. Individual panels are extracted

on the righthand columns to clarify the excellent agreement between the experimental and computational results.
The scale bars are 5 mm.
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Figure 6.7 Quaritative comparison of the computationally and experimentally generated structures. (A) The
computational result for the gradient sample is shown with a representative radius of curyptme (fhedral

ange (d) for clarification. The radius of curvature wa
The colors in the computational images represent temperatures ranging from péue)to above J(red).

(B) The di hed raselploteedforbah stvuatdras seerFiguré 6.6. (C) The radius of curvature

values, R, are plotted for both structures seenFigure 6.6 There is excellent agreement between the
experimental and computational results. The scale bar is 5 mm.
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Figure 68 The fourpaneled bidnspired structures were extended to a greater number of panels with similar
behavior, allowing for a wider range of applications. (A) A hexagortaised, sipaneled array was applied as

a small grippig device. (B) Grippers based on these designs were able to encompass and hold small objects, such
as the head of a bolt. (C) Due to their global curvature and lightweight nature, these grippers were able to firmly
grip the bolt and could easily hold ~928weir own weight. The scale bars are 10 mm.
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