
ABSTRACT 

LIU, YING. Shape Programming of Polymeric Materials from 2D to 3D. (Under the 

direction of Dr. Michael D. Dickey and Dr. Jan Genzer). 

 

This Ph.D. dissertation focuses on converting planar two-dimensional (2D) shape 

programmable polymeric materials into three-dimensional (3D) shapes.  The desire to create 

3D shapes is based on the general premise that shape defines function in many materials. 

Working with 2D planar forms is appealing because they are compatible with many planar 

processes developed for semiconductor processing as well as other patterning techniques 

including screen printing, roll-to-roll processing, and inkjet printing. Specifically, my work is 

centered on developing assembly methods leading to generating 3D structures by employing 

out-of-plane sheet folding and on formation of buckled surface topographies from 2D forms. 

We report on a simple approach to realize self-folding of homogeneous pre-strained 

polymer sheets by employing conventional 2D printing methods.  Our approach uses desktop 

printer to pattern the polymer sheets with ink locally absorbs heat from a uniform light 

source and act as hinges that convert the 2D sheets into various 3D structures by choosing an 

appropriate inked pattern, line width, and support temperature. Compared with common 

design methods for self-folding, which require multistep complex fabrications or pre-

programming, our approach is distinguished by its simplicity and use of inexpensive polymer 

sheets. Experimentally, we study the effect of the hinge width and color on sheet folding.  

The speed of folding as well as larger folding angles can be achieved by increasing the width 

of hinges and increasing the support temperature. Computer modeling describes 

quantitatively the trends observed in experiments.   



We study macroscopic thermal shrinkage of the pre-strained polymer sheets as a 

function of temperature, time, and heating rate to provide information about the temperature 

required for folding to occur and to comprehend the kinetic of shrinkage of the polymer 

sheets during folding. A simple geometrical model that incorporates these macroscopic 

measurements predicts successfully the maximum bending angle as well as the dynamic 

bending angle for different hinge widths.   

We demonstrate self-folding in planar polymer sheets using focused laser light. The 

laser power, intensity and beam width have been shown to control the folding time and the 

bending angle. The utilization of laser light is appealing because the approach requires no 

patterning of pre-defined hinges.  

We also document the benefits of using light-emitting diodes (LEDs) as light sources 

for folding of polymer sheets.  Selective wavelengths of the LED sources in conjunction with 

the color and width of the hinge regions enable us to fine-tune folding pathways within the 

sheets. We demonstrate that sequential folding (or rolling) can be realized by combining 

hinges with different degrees of light absorption (adjusted by varying the greyscales or color 

of hinges).  The ability to program self-folding pathways can be potentially utilized in 

manufacturing grippers and actuators, and can be employed in folding of complex origami 

structures. 

Finally, we study the formation of isotropic buckles on substrates comprising thin 

films of metal/oxide deposited on top of polymer layers resting on silicone substrates.  We 

explore different approaches towards enhancing the buckle aspect ratio (i.e., 

amplitude/wavelength ratio) that would lead to enhancement of light harvesting.  A new 

aspect of this work includes the utilization of electric fields to amplify the aspect ratio during 



thermal buckle formation.  We show that using this method it is possible to generate surfaces 

that contain at least two different generations of buckles/wrinkles on surfaces with different 

length scales and aspect ratios. 
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CHAPTER 1  

Introduction to Shape Programmable Polymers 
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Overview 

This review focuses on material strategies for shape programmable polymeric materials that 

can convert planar two-dimensional (2D) sheets into three-dimensional (3D) shapes.  

Working with 2D sheets is appealing because they are compatible with many planar 

processes developed for semiconductor processing as well as other patterning techniques, 

including, screen printing, roll-to-roll processing, and inkjet printing.  The desire to create 3D 

shapes is based on the general premise that shape defines function in many materials, and the 

obvious fact that we live in a 3D world.   

We categorize this review of shape programmable, stimuli-responsive 2D materials 

into two broad categories: 1) 2D substrates that use “hinges” or strain management to achieve 

out-of-plane folding, bending, or rolling; or 2) substrates that start out flat but form a 

characteristic topography on their surface in response to an external stimulus.  Figure 1.1 

illustrates conceptually these two categories. The unifying thread in these two classes of 

structures is the importance of shape transformation in planar materials. The difference 

between these two categories is that the former one introduces the out-of-plane motion while 

the latter one remains macroscopically planar, although there can be in-plane motion (e.g., 

expansion or contraction). While in this review we focus on polymeric materials, we also 

mention other materials that might be utilized in conjunction with polymers. Shape 

transformation can occur due to asymmetrical distortion of the material due to expansion 

(e.g., thermal expansion, swelling), contraction (e.g., strain relaxation, deswelling), or flow 

(e.g., displacement of material due to a stress).   
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Figure 1.1. Cross-sectional illustration of strategies to generate 3D shapes by using shape 

programmable polymeric materials in two categories: 3D structures by out-of-plane bending 

or folding, and 2D in-plane form with surface topography.  

 

There are many different strategies for materials and mechanisms that may be utilized 

to achieve these types of shape transformations.  We briefly review the various strategies that 

are employed for these two material categories. In cases of mature fields, we point the reader 

to reviews that contain more detailed information.  We also include a brief discussion of non-

polymeric materials that may be utilized in conjunction with polymers to create actuating 

composites.  
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1.1 Why Shape Programming from 2D is Interesting 

The use of 2D substrates has been preferred in manufacturing because of their compatibility 

with many high-throughput processes, such as conventional inexpensive 2D patterning 

techniques (i.e., lithography, screen printing, inkjet printing, and laser cutting) and more 

sophisticated nanofabrication (e.g., spin casting, photolithography, thin film deposition, 

etching, and other additive/subtractive processes developed for semiconductor processing).  

Shape transformation from 2D to 3D structures has emerged in many applications, 

including such as  reconfigurable devices,
1,2

 actuators and sensors,
3–5

 implantable devices,
6–8

 

assembly, optics, meta materials, and deployable objects.  For example, the manufacture of 

advanced morphing structures
9
 (e.g., aircraft wings) requires novel materials with high 

stiffness at high strains to enhance the performance over broad operation conditions.  Other 

conceptual applications of next-generation mobile devices with morphing structures such as 

“Morphees” (shape-shifting mobile devices)
13

 and “MorePhone” (a cellphone curls upon a 

call) 
10,11

 have been developed recently. In addition, novel optical or electrical functionalities 

can be generated if optical or electrical devices are fabricated in 3D geometries. For example, 

sensors constructed in 3D structures allow for the measurement of signals from three 

independent axes to obtain accurate angular and orientation parameters.
3
  

Shape transformation from 2D plane to 3D surface topography has also been widely 

applied in smart adhesives
12

, anti-fouling coatings
13,14

, optical sensors,
15

 and haptic 3D 

touchscreen devices. 
16
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1.2 Strategies of Converting 2D Plane to 3D Structure 

There are many materials strategies and stimuli that can be utilized for shape programming 

polymers. Following the scheme in Figure 1.1, we first discuss the most prominent materials 

and mechanisms to convert 2D plane to 3D structures which have out-of-plane bending or 

folding.  

 

1.2.1 Active Materials for Shape Programming 

Piezoelectric materials: Piezoelectric materials possess an intrinsic electro-

mechanical coupling behavior related to the presence of electric dipole moments in solids.  

This behavior is manifested by applying an electric field to change the shapes of these 

materials, or by deformation exerted through external mechanical forces that induces an 

electric field (Figure 1.2a).
17,18

 Both natural materials (e.g., natural crystals, dry bone, and 

tendon) and synthetic materials (e.g., piezoelectric ceramics
17,19

 such as led zirconium 

titanate (PZT), and electroactive polymers such as polyvinylidene fluoride (PVDF) 
20,21

) have 

shown piezoelectric properties. Piezoelectric materials have been applied as sensors (e.g., 

Figure 1.2b) and actuators.
22–24

 For example, NASA recentlylaunched “LaRC-MFC 

Actuator” for piezoelectric autonomous responsiveness [posted on YouTube].
25
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Figure 1.2. (a) A typical piezoelectric materials with the electrodes applied on the top and 

bottom faces. The dash lines sketch a deformed shape in response to the electric field
26

; and 

(b) Schematic of piezoelectric PVDF films used as a pressure sensor due to the deflection.
21

 

 

Polymer Brushes: Polymers grafted to substrates may exhibit conformational 

changes based on the application of external stimuli, such as, pH, temperature, salt 

concentration, or type of solvent, and have been reviewed before.
27–29

 This deformation can 

actuate bending motion.
30–32

 For example, a highly reversible cantilever actuator can be 

driven by coating it with polyelectrolyte brushes (e.g., polymethacryloyl ethylene phosphate 

(PMEP)).
30

 In solutions with pH < 2, the brushes are protonated and insoluble in the solution; 

as a result a compressive stress is generated to cause the bending of the cantilever. When the 

solution pH exceeds 8, the brushes are deprotonated, which leads to compressive stresses due 

to an electrostatic repulsion between neighboring chains that causes bending of the 

cantilever.   

Hydrogels: Hydrogels are water-soluble, soft polymeric networks containing high 

water content (>> 90%).  For example, agarose gel contains >99% water and ~1% agarose 
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polymer, which is widely used in electrophoretic separation of proteins.
33

 Hydrogels are 

noted for their ability to swell (and deswell) in response to environmental changes.
34

 

Hydrogels have been employed as biosensors and actuators, artificial muscles, drug delivery, 

bio-related media such as scaffolds or for cell encapsulations.
35–41

 Recently, several 

interesting studies appeared that aimed at inducing the formation of 3D shapes from flat gel 

sheets in response to environmental changes such as ionic strength and solvents.
38,39,41,42

 For 

example, ionoprinting applies an oxidative bias to metal anode so ions are delivered on a 

polyeletrolyte hydrogel (e.g., sodium polyacrylate, pNaAc). The Cu
2+

 ions generate the 

crosslinks between neighboring polymers and induce local shrinkage by releasing water.
39

 

Out-of-plane bending can be induced due to the local shrinkage as shown in Figure 1.3. 

Another interesting example is that 3D shapes with nearly constant Gaussian curvature can 

be generated from 2D flat sheets by a simple halftone lithography of photo-crosslinkable 

poly(N-isopropylacrylamide) copolymers containing pendent benzophenone units for 

crosslinking.
41
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Figure 1.3. 3D coil induced by local bending due to ionoprinting of a copper wire on pNaAc 

gel. A consequent gel gripper is demonstrated to catch and release a small blue cube of 

PDMS (~1g) in ethanol and water respectively. The scale bar is 10 mm.
39

  

 

Shape memory materials (SMM): Shape memory effect describes a phenomenon 

wherein a material can return to its original shape from a temporary shape, defined by 

deforming the material and fixing it in a metastable state.
43

 Swedish physicist Arne Olander 

discovered the shape-memory effect in the early 1930s in gold-cadmium (Au-Cd) alloys, 

which can be plastically deformed when cooling and can return to the original shape by 

heating.
44

 Other researchers demonstrated the application for mechanical lifting using this 

alloy in 1950s.
43,44

 Materials demonstrating the shape-memory effect are called shape-

memory materials (SMM).  They include not only metal alloys but also other materials such 

as ceramics, liquid crystalline elastomers, polymers, and gels.
19,45

  Shape memory alloys 

(SMA) and shape memory polymers (SMP) are two of the most popular SMM.
19,46,47

  

Many different metal alloys (e.g., Nickel-Titanium alloys, copper-zinc-aluminum-

nickel, copper-aluminum-nickel) have also shown reversible phase transitions, especially the 
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most common one Nickel-Titanium alloys (Nitinol)
19,44,48

 Those metal alloys demonstrate the 

shape-memory effect due to the intrinsic phase transition from a symmetrical austenitic phase 

at high temperatures to an asymmetrical martensitic phase at low temperatures.
19,43,48

  SMAs 

can be patterned as thin films on substrates to induce 3D structures due to the deflection of 

the substrates,
49

 or patterning as actuating hinges that induce the folding of 2D planes when 

applying heat through joule-heating (Figure 1.4).
1,50

  

 

 

Figure 1.4. (a) SMA actuators can be folded by applying Joule-heating (red arrows show the 

heating direction). b) Demonstration of folding a “boat” from a 2D planar composite sheets 

patterned with SMA hinges which can cause the folding through Joule-heating.
1
  

 

SMPs were first synthesized in 1980s and enjoyed a rapid development and great 

attention due to their light weight, flexibility, high transformation strain, and low actuation 

forces compared to similar properties observed in metal alloys.
48

  SMPs possess a great 

potential in a variety of applications such as automatic switches or sensors, intelligent 
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packaging and tissue engineering.
12,19,43,48,51–53

 The shape memory feature is governed by 

both the molecular architecture of polymers and the “programming process”.  The ability to 

maintain the stable shape macroscopically for both the original and recovered structures 

relies on primary cross-linked net points in the form of either covalent bonds (i.e., chemical 

cross-linking) or strong intermolecular interactions (i.e., physically cross-linking).
48

 

Secondary cross-links, i.e., strong reversible interactions, are required to fix the temporary 

structure shapes.  The secondary cross-linked domains (i.e., soft segments of SMPs) can be 

generated by utilizing interactions or steric hindrance due to side chains, or chain segments 

between two cross-linked points.
48

  

According to the properties of the cross-linking net points, SMPs can be divided into 

thermoplastic SMPs (i.e., physically cross-linked) and thermosetting SMPs (i.e., chemically 

cross-linked).
48

 Thermoplastic SMPs (e.g., polyurethanes, polystyrene, polyethylene 

terephthalate, etc.) have been studied intensively and applied at a small scale (e.g., 

“biomaterials and textiles”).  Polyurethane SMPs are advantageous compared to other 

thermoplastic SMPs due to their advantageous abilities of shape recovery, a wide recovery 

temperature range, better biocompatibility and processing ability.
48

 Thermoplastic polymers 

are processed easily from solution or melt.
51

 Thermosetting SMPs (e.g., cross-linked 

polyethylene, thermosetting epoxy resins, shape memory polysiloxanes) are mostly used as 

structural materials in deployable structures and automobile applications due to their better 

thermal and mechanical properties relative to thermoplastic SMPs.
48
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Macroscopic shape memory effect can be used for shape changing from 2D to 3D by 

pre-programming SMPs. For example, poly(ɛ-caprolactone) based SMPs stay at their 

temporary 2D planes at T < Ttrans, and recover their original 3D shapes (i.e., closed cube) 

triggered by heating over Ttrans (Figure 1.5). 
54

 

 

 

Figure 1.5. Photographs of folded cubes from a pre-programmed 2D SMP sheet.
54

  

 

A special class of light-responsive SMPs involves materials which bear 

photosensitive functional groups or molecules in the polymer networks. Triggered by 

appropriate UV wavelengths, the transferring effects in molecular level can have an impact 

on macroscopic volume change (shrinking or swelling) of polymers. The most studied 

photosensitive polymers can be categorized into three groups: azobenzenes, 

truphenylmethane leuco derivative, and photoreactive molecules.
41,37  
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1.2.2 Approach to Shape Programming: Self-folding  

There are many approaches that may achieve shape changing from 2D to 3D out-of-

plane as shown in Figure 1.1. Inspired by the autonomous folding found in nature (e.g., 

sensitive plants close the leaves in response to the gentle touch) and ancient Japanese art of 

origami folding,
55,56

 self-folding is one of these approaches to achieve the conversion from 

2D to 3D shapes with out-of-plane bending. Self-folding is deterministic self-assembly 

approach that causes a 2D template with pre-defined hinges to fold into 3D shapes triggered 

by stimuli (Figure 1.6).
57

 Hinges are regions on the substrate that activate (i.e., fold) in 

response to the external stimulus.
57,58

 With increasing need for reconfigurable devices, 

actuators, and sensors in numerous emerging applications, there is a great body of research in 

the field of self-folding utilizing different driving forces and different active materials.
1,50,56–

63
  

 

 

Figure 1.6. Schematics of the comparison between self-assembly and self-folding.  
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1.2.2.1 Designs of 2D Sheets for Self-folding 

In general, three main designs have been developed for 2D sheets to achieve self-

folding as illustrated in Figure 1.7: 
59

 1) heterogeneous responsive materials patterned as 

“hinges” in the bulk materials; 2) bilayer structures and 3) macroscopically homogeneous 

materials, which are either homogeneous shape memory materials that are locally pre-

programmed or materials with in-plane locally grandiet properties (e.g., gradient of 

crosslinks).  

 

 

Figure 1.7. Schematics of different designs on 2D planar template for self-folding in cross-

sectional view. (a) heterogeneous “hinge” materials (red) embedded in the bulk materials ; 

(b) bilayer structure with one responsive layer (red); and (c) pre-programming of 

homogeneous materials.   

 

Case 1: Heterogeneous hinges  

Figure 1.7a shows a strategy employed to fold 2D substrates in which the hinged 

region differs in composition from the rest of the sheet.  These hinged regions may be 

composed of a variety of materials that shrink in response to an external stimulus.  For 
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example, polyimide can shrink significantly when heated at high temperatures (>200 °C
64

 or 

500 °C
65

) due to out-gassing of strongly-bound solvents.  Likewise, a pre-strained polymer 

film patterned as a hinge can shrink upon heating.
66

 Shape memory metal alloys can usually 

be embedded as hinges to actuate with the application of resistive heating (Figure 1.4).
67

 

Moreover, a polymer (e.g., polycaprolactone, melting point >60 °C 
68

) or melting metal (e.g., 

solder 
69,70

) can be patterned as a hinge and cause folding when heated. In addition, some gels 

swell in response to selected solvents and may therefore be used as hinges. For example, 

hydrophilic elastomers based on of polyurethane (PU)/2-hydroxyethyl methacrylate (HEMA) 

swell significantly in acetic acid while the PDMS bulk planar sheet maintains it original size. 

This combination of various materials may be utilized for folding of 3D structures and 

twisting of helices.
61

 

 

Case 2: Bilayer structures.  

Figure 1.7b illustrates laminate structures composed of two distinct materials 

adhered together. The mismatch in mechanical response of the two layers in the bilayer to 

stimuli governs the folding behavior. A classic example is a thermal bimorph, featuring two 

material layers with distinctly different thermal expansion coefficients.  The bilayer curls in 

response to heat.  An alternative approach is to have one layer to be selectively responsive to 

a stimulus.  In pioneering work using electroactive polymers (i.e. polypyrrole)/gold thin films 

as hinges, the polypyrrole (PPy) film can shrink (or swell) in response to ion diffusion in the 

electrolyte solution (sodium dodecylbenzenesulfonate, Na
+
DBS

-
), while the gold film 

constitutes an inert, passive substrate so that a stress difference drives folding.
71
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The difference in intrinsic stress built during the deposition process inside one active 

layer in a bilayer structure provides the driving force for bending/folding.
72–76

 The bilayer 

structure with an active polymer layer (e.g, thermally responsive poly(N-

isopropylacrylamide)-based polymers, Ttransition ~ 33 °C; 
4,77,78

 solvent responsive polyvinyl 

alcohol and poly(PEGMA-co-PEGDMA)
79

) can swell or shrink upon changing pH, ionic 

strength, or temperature.  Moreover, a closed microcage made of an SU8 epoxy (high 

thermal expansion coefficient) and diamond-like carbon (DLC) (low thermal expansion 

coefficient) can open upon heating.
80

 A bilayer comprising layers with different bending 

moduli can be used as a pneumatic actuator.
81–83

 

 

Case 3: Macroscopically homogenous materials  

Figure 1.7c describes a third approach that utilizes chemically homogeneous 

substrates.  For example, shape memory polymers can be locally pre-programmed to 

temporary shapes and return back to a permanent shapes when a certain critical temperature 

is exceeded to achieve shape changing from 2D to 3D shapes out-of-plane in response to 

uniform or local stimuli.
43,48,51,50,54,84–87

 A typical example is shown in Figure 1.5. Light-

responsive SMPs can bend due to local light exposure at ambient temperature (usually in UV 

wavelengths) .
52,88,89

  

Some macroscopically homogenous planar materials can undergo shape-change to 3D 

structures under uniform stimuli due to gradients across the sheet.  Pre-defined gradients of 

crosslink densities or filler concentration across the film may be utilized.
72,90–93

 For example, 

thermal rolling of a photo-crosslinkable copolymer based on poly(N-isopropylacrylamide) 
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(PNIPAM) can be induced by patterning both high and low swelling region caused by 

controlling UV curing time.
91,93

 A crosslink gradient (high crosslink density on the surface) 

for a negative photoresist SU-8 was generated via low exposure to UV.
90

 The bending 

curvature of the laminate depends on the exposure to UV and film thickness. Materials such 

as magnetic nanoparticles can be embedded inside the polymer matrix during the curing 

process to create a gradient under external magnetic field.  The resulting polymer sheet can 

fold/bend in response to external magnetic field.
92

  

1.2.2.2 Different Stimuli Utilized for Self-folding 

The previous sections described strategies for designing folding responses that are 

inherent to the substrate.  It is also possible to use stimuli strategies to trigger the folding by 

various forces including pneumatics, surface tension, intrinsic residual stresses, light, and 

heat. 44,57–59 Representative examples of those strategies are summarized in Table 1.1. Our 

research on self-folding described in this thesis focuses specifically on thermal actuation due 

to its simplicity and the availability of thermal triggers (i.e., light, resistive heating, and 

thermal radiation).  

Further insight into the folding mechanism involving diverse stimuli can be obtained 

by understanding the nature and role of nonhomogeneous strains or stresses in the hinge 

region due to mismatch of thermal expansion coefficients, elastic moduli, shrinkage, or 

swelling ratio. Therefore, the ability to generate stepwise or gradual changes in stress/strain 

(or in applied stimuli) is critical in comprehending self-folding and utilizing it in various 

applications.  
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Table 1.1 Representative research work on self-folding regarding different stimuli applied.  

Stimuli Materials Scales Advantages Disadvantages 
Reversi

bility 

Thermal 

bimorph 

actuation
94

 

bilayers with different 

thermal expansion 

coefficients (e.g., 

polymer/metal) 

µm-mm 
Able to trigger 

remotely 

High temperature 

required for small 

folding, depends on 

degree of mismatch 

Yes 

Thermal-

responsive 

shape 

memory
43,51,

50,54
 

Shape memory alloys 

& polymers 
µm-mm 

Large gripping 

force achieved 

Programming of 

motion required for 

SMP; limited strain 

(<10%) for SMA 

SMA 

can 

induce 

reversib

le 

folding 

Thermal 

shrinkage of 

polyimide 
64,65

 

Polyimide µm 

Large angle 

displacement can 

be achieved 

(0~180°) 

High temperature 

needed (~500 °C); 

pattern PI hinge; 

response in minutes 

Yes 

Swelling in 

bilayers
30,36,

38,39
 

Hydrogels; ionic 

polymers 
µm-mm 

Remote 

application of 

electric field 

Trigger by 

electrolytes or 

special solvents 

Yes 

Light-

induced 

shape 

memory
88,89,

52
 

Elastomers; gels; or 

polymers with 

photosensitive groups 

µm-mm 
Remote; room 

temperature 
Usually requires UV Yes 

Pneumatics, 
81–83

 

 

Elastomers (e.g., 

Ecoflex, PDMS); 

Perylene; 

mm 

Inexpensive, light 

in weight, high 

loads; fast 

response time  

(ms~s) depending 

on air flow rate; 

 

Tethering needed; 

Supply of liquid/gas 

needed; require 

mismatch in 

flexibility/modulus 

between both sides 

to asymmetrical 

bending 

Yes 

Thin-film 

stress
73–75,95

 

Metal films (e.g., 

Chromium) 
nm- µm 

Intrinsic stress 

forces to trigger 

Multistep 

fabrication, passive 

actuation; angle 

depends on stress, 

modulus, thickness 

No 

Surface 

tension
69,70

 

Solder, Tin, poly(ε-

caprolactone), etc. 
nm-mm 

Hinges can be 

sealed (locked) 

High temperature to 

melt metals 
No 

Magnets
92,96

–99
 

Ferromagnetic 

materials 
nm-mm 

Remote control by 

magnetic field 

Substrate required to 

hold the active 

structure; locking 

mechanism required 

to keep it in position 

Yes 

muscular 

actuation
100,

101
 

Muscular cells mm-cm 

Bio-mimic, 

triggered by 

biochemical 

environment 

Limited by 

robustness and 

longevity of cells 

Yes 
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1.2.2.3 Management of Stress/Strain Gradient to Control Folding Process 

Bending Mechanism 

A theoretical study on bending behavior of bilayered laminates offers useful 

information for folding/bending, which is induced by mismatch in stress (or strain) between 

the two layers. Studying the bending curvature in bilayered systems offers a measure of the 

effect of stress (or strain) on system performance. The general theory of bilayer bending is 

derived from the model of a bi-metal strip as given by Timoshenko in 1925 (Figure 1.8).
102

  

Here bending is assumed to take place in one direction only and the heating of the strip is 

assumed to be uniform. The bending curvature of the bilayer can be described by Equation 

(1.1).
102

 

 

 

Figure 1.8. Schematics of bending of bi-metal strip.
102

 E1 and E2 are elastic moduli; α1 and 

α2 are thermal expansion coefficients for two layers separately; h1 and h2 are film 

thicknesses; and h is total thickness. P1 is tensile force for layer 1 and P2 is compressive force 

for layer 2.  

 

 
 

 
 

 (     )(    )(   ) 

 [ (   )  (    )(   
 

  
)]

        (1.1) 

In Equation (1.1), κ is the curvature, h is the total thickness of bilayers, m is the h1/h2 ratio 

and n is the E1/E2 ratio.  The sample is heated from the initial temperature T0 to temperature 
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T.  Equation (1.1) offers a guide to predict the bending curvature and impact parameters such 

as moduli, film thickness and temperature.  However, Equation (1.1) only predicts uniform 

bending curvature and thus cannot predict the bending direction.  Moreover, Equation (1.1) 

considers only elastic deformation so that it cannot be applied for viscoelastic polymers.  

Recently, an analytical solution was introduced that predicts large deflections of 

circular or elliptical plates with lenticular cross-sectional shape when applying a temperature 

gradient across the film thickness.
103,104

 Self-rolling either from short side or long side has 

been demonstrated by controlling the ratio of length to width for a rectangular shape.
105–107

 

For example, final rolling direction of epitaxially stressed InxGa1-xAs/GaAs rectangular films 

was found to depend on the dimension (length and width) of the original film as well as the 

tube circumference. Long-side rolling occurred with high aspect ratio of the film or larger 

tube circumference than film width.   

These early studies on bending curvature are based on systems with small volume 

changes and low stress (or strain) gradients due to internal stress of materials, limited thermal 

expansion mismatch or ion compensation, which is not suitable for polymers or hydrogels 

involving high swelling ratio.  

Thermal Transport Study 

Since thermal actuation is one of the most widely utilized mechanisms for self-

folding, thermal analysis is necessary that correlates temperature changes with folding (e.g., 

bending curvature driven by mismatch of thermal expansion coefficient). For example, a 

thermal bimorph cantilever used as a thermo-mechanical actuator in micro-scale devices 

possesses a bilayer structure with asymmetrical thermal properties.
108

 A thermal transient 
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analysis based on lumped capacitance method has been applied to estimate the heat transfer 

between the solid and its surroundings to predict the temperature change within the solid as a 

function of time.  Subsequent analysis assumes that the temperature gradient inside the solid 

is negligible, which is usually true for MEMS devices. The energy balance can be expressed 

using Equations (1.2-1.4) to describe the displacement of the cantilever: 

      (    )      
  

  
       (1.2) 

which gives the temperature profile: 

    

     
    ( 

 

  
)  

    

 (    )  
      ( 

 

  
)      (1.3) 

where 

   
 

   
                 (1.4) 

In the Equations (1.2) and (1.3), qh is power density, Ah is surface area being heated, h is 

convection coefficient for air, T∞ is temperature of air, ρ is density of the solid, V is the 

volume of the solid materials, c is the thermal capacitance of the solid, T is temperature of 

the solid at time t, RT is the resistance to convection and CT is the lumped thermal 

capacitance.  

If thermal actuation is triggered by means of Joule-heating, the temperature of 

bimorph beams can be governed by basic heat transport incorporating the heat generated 

through current (assuming that convection and radiation contribute little to heat losses):
109

 

 
   

                  (1.5) 

  
 

  
 

 

  
          (1.6) 
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In Equations (1.5-1.6), J is the current density, V is applied voltage, R is the resistance, A is 

cross section of the beam, L is the length of the wires for Joule-heating, ρ is resistivity, and k 

is thermal conductivity of the solid materials.  

The method as introduced above, which applies Joule-heating on pre-strained 

polymer sheet to localize the thermal actuation, models the heat generation in the core region 

(i.e., polymer directly above the electrical trace) at a semi-infinite surface where the core 

region is at x = 0 and the margin extended away from the core is semi-infinite (x → ∞).  In 

this manner the basic heat transport solution can be applied.
50

 

Modeling of Shape Memory Polymer behavior 

Because large and complex shape changes occur during pre-programming of SMPs, 

prediction of deformation history of SMPs is desired for optimization of property 

recovery.
110

 Constitutive models have been developed for thermally-activated SMPs based 

on thermo-mechanical properties of SMPs and fundamental understanding of structure-

function relationships.
110–112

  Different constitutive models limited to small deformation in 

1D,
113

 based on multiphasic materials (active phase and frozen phase),
114

 and 3D finite 

deformation
110,112

 are based on volume fraction and explicit phases (glassy and rubbery 

phases). Recently, a constitutive model based on structural and stress relaxation has been 

developed.
115

  

 

1.3 Strategies of Converting 2D plane to 2D with Surface Topography 

There are many materials strategies and stimuli that can be utilized for shape programming of 

polymers to undergo changes from flat 2D sheets to planar structures bearing pre-defined 
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surface topographies.  We discuss the most prominent materials and mechanisms to form 

surface topography responding inherently to the properties of the substrate. For example, we 

do not include lithography here. 

 

1.3.1 Surface Topography via Buckles Formation 

Buckling (or “wrinkling”) is a common phenomenon found in nature.
116,117 

Buckled 

surfaces typically form when a thin rigid film is placed on top of a thick elastic substrate and 

the bilayered laminate is exposed to an external stress (thermal expansion or mechanical 

stretching), as illustrated in Figure 1.9. For example, when a thin metal film is deposited on a 

thermally expanded polymer, buckles form during the cooling process to room temperature 

in response to release of the compressive stress in the metal film.
118

 Buckles can also form on 

a pre-stretched elastomer sheets with a rigid top film (e.g., metal, oxide or oxidized original 

surface with high degree of crosslinks) when introducing or releasing mechanical strain.
119

 In 

all cases, buckles form on top of the polymeric film with a ‘hard’ skin as a result of the 

balance between the energy of bending (top film) and stretching (bottom layer).
117,120,121
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Figure 1.9. a) Schematic of the formation of buckles on an elastic substrate; b) optical 

microscopy images (top view) of typical unidirectional buckles and c) optical microscopy 

image of isotropic buckles (oriented in random directions).
120

 

 

Although buckling is a spontaneous process, the attributes of the buckles are 

controllable to some extent. Assuming relatively small strains and an infinitely thick 

foundation, there is a well-developed model that predicts the wavelength (λ) and amplitude 

(A) of the buckles:  
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where the subscripts s and f denote the skin and the elastic foundation, respectively, E is 

Young’s modulus, ν is Poisson’s ratio, h is the thickness of the skin, ε is applied compressive 
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strain and εc is the critical value of ε.
117,122

  The wavelength based on an infinitely thick 

foundation is a function of materials’ properties (i.e., Young’s modulus and Poisson’s ratio) 

and the amplitude depends on the wavelength and the applied strain. 

Although elastomers (e.g., PDMS) have been widely used as soft substrates in most 

studies featuring buckling/wrinkling, other materials such as polymers, hydrogels and 

polymer brushes can also be used to form buckles.  

1.3.1.1 Mechanism for Buckles Formation 

Mechanical stretching 

Buckles can form by mechanically stretching the elastic substrate. PDMS is used 

frequently as the elastic foundation due to its outstanding flexibility (Young’s modulus of ≈ 1 

MPa) and stretching ability. 
119,121

 The skin can be manufactured by stiffening the surface of 

PDMS through oxidation by means of oxygen plasma or UV/Ozone (UVO) treatments, 

which transform the topmost regions of PDMS to a silica-like layer,
119

 or depositing metal or 

metal oxide (e.g., Au, Pt, ITO) on the pre-stretched elastomer substrate.
118,123,124 

Anisotropic 

buckles, i.e., arrangement of buckles in the direction perpendicular to the stretching direction, 

can be achieved after releasing uniaxially the mechanical strain, as shown in Figure 1.10.  

Mechanical stretching can be applied by using a custom-designed stretcher (Figure 

1.10a). A PDMS sheet was stretched uniaxially in the stretcher and then treated by oxygen 

plasma (Diener Electronic) or UVO (Jelight Inc.) to form an oxidized top thin film (Young’s 

modulus of ~40 GPa)
121

 on the PDMS surface. After surface oxidization, the strain was 

released at a controlled rate. The release rate is known to affect the occurrence of defects and 
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cracks in the buckled topography; a fast strain release rate results in more defects, while a 

slow strain release rate generates numerous cracks.
119

  

Atomic force microscopy (AFM) images of unidirectional buckles formed with by 

applying 50% strain are shown in Figure 1.10b, c. The aspect ratio, i.e., the ratio of the 

amplitude to the wavelength, of the buckles changed depending on the UVO dose, as shown 

in Table 1.2. The aspect ratio is a function of the materials’ properties, the thickness of top 

rigid layer and the applied strain. 
118,119

  The aspect ratio for buckles due to mechanical 

stretching is usually limited to ~0.2.
119,121

  

 

 

Figure 1.10. a) Photograph of the custom-designed stretcher. The sample such as a PDMS 

sheet is sandwiched tightly by screws, the sample is stretched axially (labeled in red) by 

rotating the shaft (labeled in blue); b) AFM image of unidirectional buckles on stretched 

PDMS with air plasma treated surface and c) Map scan by profilometry of unidirectional 

buckles on stretched PDMS with UVO treatment. 



 

 

26 

Table 1.2. The aspect ratio of buckles resulting from different UVO doses. The applied axial 

strain is 50% for all samples, and the thickness of PDMS is ≈ 1 mm. The power density of 

UVO is 7.6 mW/cm
2
  

UVO time (min) UVO dose (J/cm
2
) Wavelength (µm) Aspect ratio 

45 20.6 ≈ 42 0.08-0.10 

60 27.5 ≈ 48 0.12-0.16 

75* 34.4 ≈ 60 0.17-0.26 

 

When a large strain is imposed, the resulting topography comprises hierarchically-

structured buckles, where smaller buckles reside on top of larger ones (Figure 1.11a).
117,119

  

Up to five generations of buckles (sizes ranging from nanometers to a fraction of a 

millimeter) have been detected by profilometry and scanning probe microscopy (Figure 

1.11b, c). 

 

 

Figure 1.11. Hierarchically-buckled topography due to large strain applied to UV/Ozone-

treated PDMS. a) Illustration of hierarchically-buckled topography; b) hierarchical profile 

collected by profilometry and c) wavelengths of multiple generations of buckles as a function 

of applied strains. 
119
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Different metals can be deposited as a hard skin on the surface of pre-stretched 

elastomer sheets to form buckles upon releasing the strain from the sample. For example, 

Indium tin oxide (ITO) is used frequently in forming transparent electrodes in applications 

such as solar cells and flat panel displays for its optimal optical and electrical properties.
124

  

In our experiments, an ITO film (40 nm) was deposited onto a pre-stretched PDMS sheet (1 

mm, ε ≈ 10%) by sputtering.  After ITO deposition, the strain was slowly released from the 

sample, which resulted in the formation of buckles. 

The surface topography was studied by optical microscopy and a representative 

example is shown in Figure 1.12. The process exhibited a hysteretic behavior during the 

release-stretch cycle, as reported.
123

  The as-sputtered film, without releasing the strain, 

already contained buckles aligned parallel to the stretching direction. The formation of such 

buckles can be explained as follows.  Due to the large thermal expansion coefficient of 

PDMS (≈ 96×10
-5

 K
-1

),
125

 PDMS expands along the direction perpendicular to the side 

confined by the clamps due to the heat generated from sputtering. When the substrate is 

cooled down after sputtering, it shrinks to form buckles aligned parallel to the stretching 

direction.
126

 The orientation of the buckles remains the same during the release and re-

stretch. Cracks are formed at relatively slow strain release rates (images from ε ≈6% to less 

strain). The buckles align parallel to the stretching direction are recovered when ε  ≈ 12%.  
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Figure 1.12. Optical microscopy images of buckles formation when releasing and re-

applying strain on an ITO sputtered PDMS sheet. The image was first taken right after ITO 

sputtering (ɛ ≈ 10%), more images were taken when slowly releasing the strain from 10% to 

2%. The film was re-stretched after total release (ɛ ≈ 0%) to ɛ ≈ 10% and overstretched to ɛ ≈ 

12%. The images were taken consecutively (scale bar: 20 µm for all images) 

 

While elastomers, like PDMS, are popular as the substrates for buckle formation, 

generation of wrinkles by stretching other polymers (i.e., synthetic PET or rubbers) has also 

been demonstrated. 
127

 

Thermal expansion 

Another stress source for buckling originates from the mismatch of thermal expansion 

coefficients between top film and the bottom substrate. For example, PDMS possesses a high 

thermal expansion coefficient (≈ 96×10
-5

 K
-1

).
125

  A stiff skin can be formed by coating the 

PDMS foundation with a thin layer of a rigid material (e.g., Au, Pt, ITO).
119,123,124

  Because 
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the polymer substrate is heated and expanded either by external heat source before the 

deposition of top film or by energy generated during the deposition, a compressive stress 

develops in the top film upon cooling that competes with the tensile stress in the polymer 

substrate and results in the formation of buckles in random direction (isotropic buckles) 

(Figure 1.9c).
118,125

     

Besides generating isotropic buckles by utilizing thermal expansion through pre-

heating the substrate before or during the deposition of top metal film, isotropic buckles can 

be also formed during annealing of metal (metal oxide)/polymer bilayer films deposited on 

flat rigid substrates.
128,129

  For example, buckles can be formed after heating bilayer films of 

Al/PS resting on silicon substrates.
128

 Here buckling takes place due to the mismatch of 

thermal expansion between the top capping film (Al, 25x10
-6

 K
-1

) and the bottom support (Si, 

3x10
-6

 K
-1

). To test this hypothesis, by replacing Si with Zn as the support, no buckles are 

detected after heating the specimen, which can be explained by considering that the thermal 

expansion of Al and Zn is the same.  

Other stress sources 

There are other mechanisms that lead to the formation of buckled topographies, such 

as swelling. Swelling in polymer gels (e.g., hydrogels or photocurable resin) also induces 

buckling as shown in Figure 1.13. 
130–132
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Figure 1.13. (a) Schemcatic, optical microscopy image and 3D profilometer image of 

isotropic buckles formed due to spontaneous swelling of a gradient crosslinked UV-curable 

resin (2-phenoxyethyl acrylate, crosslinker is 1,6-hexanediol diacrylate, photoinitiator is 

Irgacure 184). 
130

 (b) Optical microscopy images of ordered buckles on Polyacrylamide/NP-

TiO2-CTAB PVP hybrid gel before and after water vapor treatment. (CTAB: 

cetyltrimethylammonium bromide; NP-TiO2: titania nanoparticles).
131

 (c) Schematic of 

reversible surface buckles of UVO-treated PDMS to oxidize the surface due to the swelling 

in response to different solvents.
132

 

 

1.3.1.2 Applications  

The ability to form buckled surfaces has already been used to create smart surfaces 

with for various applications, including, anti-fouling coatings,
14,133

 microfluidic devices to 
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direct the cell growth,
134

 smart adhesive surfaces,
135

 optical devices such as microlenses and 

136
 diffraction gratings.

122,125
  Moreover, by making use of the buckling mechanism, buckled 

structures can be applied as a characterization tool to assess the modulus of materials 

employed as rigid thin layers.
122

 In addition, the application of buckled structures as light 

trapping surfaces has been explored.
137–140

 Hierarchical buckles are well-suited topographical 

structures that enhance trapping of light with various wavelengths since the buckle 

wavelengths range from micro- to the nano-scale.
119

 In contrast to previously fabricated light 

trapping structures (e.g., light-scattering reflector, V-shaped structure), buckled surfaces offer 

unprecedented means of tailoring topographies and sizes in a simple manner and are thus 

expected to be well-suited for fabrication of OPV devices that possess increased efficacy of 

light absorption. Buckling represents a simple fabrication method and does not require any 

complex processing steps beyond those already used to make planar devices.  

We propose that a buckled substrate with corrugations and therefore improved light 

trapping provides a promising means of preparing high-efficiency OPV devices in a simple, 

low-cost manner.  This will be further discussed in Chapter 6.  

 

1.3.2 Surface Topography via Shape Memory Effect  

3D surface topography on the planar substrate can be triggered by shape memory 

effect as well,
15,141

 which often results in the surface function change. As shown in Figure 

1.14, the original surface topography (e.g., grating pattern) can be recovered by heating the 

samples (~ 120 °C). Light diffraction due to the grating pattern can be easily observed from 

the color change of the surface. This structure can be applied for optical harvesting devices 
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and optical sensors. Moreover, the surface topography recovered of a shape memory polymer 

has shown a repeatable, strong and reversible dry adhesion to a glass substrate.
12

  

 

 

Figure 1.14. Surface topography due to shape memory effect in an acrylate-based SMP 

(cured from methyl methacrylate (MMA), poly(ethylene glycol dimethacrylate) (PEGDMA) 

as crosslinker and 2,2-dimethoxy-2-phenylacetodphenone (initiator)). Schematics (top) and 

images (bottom) for different stages: (a) permanent pattern molded by thermally embossing 

nanoimprint lithography at ~180 °C; (b) 2D planar surface after programming with a flat 

mold; and (c) recovered surface topography after heating at ~120 °C. The pattern has a pitch 

of ~ 800 nm and a height of ~ 180 nm.
141

 

 

1.3.3 Surface Topography via Polymer Brushes  

Changes in surface topography can be also induced by employing polymer brushes. 

The conformational change of brushes due to some external trigger can be employed in 

controlling surface wettability,
142,143

 or adhesion properties.
144,145

 For example, surface 

topography comprising ridging or blister patterns can form by treating electrolysis in a pulse 

to growing polymer brushes (poly(glycidyl methacrylate), PGMA) due to the local release of 
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Au-thiol bonds and so expansion in lateral direction. This can be applied in soft lithography 

stamping or in manufacture of nanofluidic channels.
31

 

 

1.4 Summary and Dissertation Outline 

In this review, we have introduced several fabrication strategies and stimuli mechanisms that 

can be used to convert 2D planar shape programmable polymeric materials to a 3D shapes, 

involving either out-of-plane bending or change of in-plane surface topography. Working 

with 2D sheets is attractive since these structures are compatible with many planar processes 

developed for semiconductor processing as well as many patterning techniques.  In this Ph.D. 

dissertation we focus specifically on strategies that employ polymeric materials and thermal 

actuation to trigger self-folding of polymer sheets to generate 3D structures with various 

shapes and the formation of buckled surface topographies.   

The general design that induces self-folding relies on the utilization of heterogeneous 

materials acting as hinges. This process requires multistep complex fabrications methods 

(e.g., lithography), or increases cost due to the need to pre-program the shape memory 

materials.  Bilayer structures usually follow bending rather than folding with sharp edges due 

to the low strain and delocalized strain mismatch.  We propose a simple way to realize self-

folding of homogeneous pre-strained polymer sheets by employing conventional 2D printing 

techniques. Specifically, Chapter 2 introduces a simple and novel approach to self-folding by 

employing polymer sheets and high throughput 2D patterning techniques.  The ink printed 

ink on selected regions on the sheet acts as a hinge by locally absorbing energy from a 

uniform light source and converting it to heat, which causes localized strain relaxation in the 
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sheet. Because the strain relaxes in a gradual manner across the sheet thickness, the film 

folds in the inked region.  We have study experimentally the influence of key process 

parameters and modeled the thermal transport phenomenon to achieve precise control of 

folding. Chapter 3 provides an insight into the kinetics of this self-folding process based on 

pre-strained polymer sheets. We correlate the macroscopic, thermally-driven shrinkage 

behavior of pre-strained polystyrene sheets to the kinetics of self-folding of these sheets. The 

macroscopic shrinkage of pre-strained polymer sheets as a function of temperature, time and 

heating rate provides information about the kinetics of shrinkage of the polymer within the 

dynamic thermal environment that the polymer sheets experience during folding. A simple 

geometric model that incorporates these macroscopic measurements predicts successfully the 

maximum bending angle as well as the kinetics of folding process in the ‘hinge’ (i.e., folding 

angle as a function of time).  Different light (or heat) sources are capable programming self-

folding of pre-strained polymer sheets. Chapter 4 demonstrates rapid self-folding of pre-

strained polymer sheets using focused laser light. This hinging response occurs even without 

pre-defined hinges on a compositionally homogeneous polymer sheet. Chapter 5 investigates 

self-folding by adopting different ink colors and utilizing light-emitting diodes (LEDs) with 

various emitting wavelengths, which is appealing to realize sequential folding for many 

applications such as reconfigurable devices and complicated origami folding. 

The second part of my Ph.D. dissertation (Chapter 6) discusses the formation of 

buckled topographies based on metal/metal oxide bilayers deposited on top of polymer films.  

Application of buckled topographies for the fabrication of organic solar cells to enhance light 
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trapping will be discussed in detail. Different approaches to amplify the aspect ratio of 

isotropic buckles will also be outlined. 
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CHAPTER 2 

Self-folding of Polymer Sheets Using Local Light Absorption* 

 

 

 

 

 

 

 

 

 

 

 

 

 

_____________________________ 
* This chapter is partially based on Y. Liu, J. K. Boyles,  J. Genzer., M. D. Dickey,  Soft 

Matter, 2012, 8, 1764 and M. D. Dickey, Y. Liu, J. Genzer, SPIE newsroom, 2012. 
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2.1 Introduction 

This chapter describes a simple approach for converting two-dimensional (2D) patterns on 

polymer sheets into 3D objects.  Conventional high-throughput patterning techniques (i.e., 

photolithography, screen printing, and inkjet printing) are inherently 2D. However, the 

ability to convert 2D patterns into 3D structures is attractive for a number of applications, 

including assembly, packaging, and mechanical actuation. Self-folding is a deterministic 

assembly process that causes a predefined 2D template to fold into a desired 3D structure 

with high fidelity.
1
 Self-folding has been used for robotic actuators and sensors,

2,3
 containers 

for drug delivery and biological devices,
4-6

  solar cells
7 

and reconfigurable devices.
8
  

The general strategy for self-folding involves defining hinges on planar surfaces that 

fold in response to an external stimulus.  Previous efforts for self-folding have been 

accomplished by harnessing various forces including surface tension,
7,9

 intrinsic residual 

stress of thin films 
2, 10-12

 and stress generated by external stimuli (e.g., magnets,
13,14

 

pneumatics,
15

 swelling,
16

 heat,
8,17-19

 light,
20-22 

and chemical modification
17

). Thermal 

actuation, the approach used here, represents a particularly attractive strategy because of its 

simplicity and the availability of thermal triggers (i.e., light, Joule heating, and thermal 

radiation). 

Most examples of self-folding employ hinges that actuate when the substrate is 

exposed evenly to an external stimulus. Hinges can be defined in shape memory polymers 

(SMPs) 
19, 23-25 

that return to a pre-programmed shape when a certain critical temperature is 

exceeded (cf. Figure 2.1a).  SMPs have been designed and synthesized to respond to various 
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stimuli, including heat
19,22,26

 and light.
20,27

  The use of SMPs typically requires processing at 

elevated temperatures and necessitates pre-programming the desired shape (in contrast, our 

approach induces a uniformly deformed SMP to fold into shapes that are not pre-

programmed in the SMP).  An alternative approach is to define hinges composed of a 

material (or stack of materials) that differs from the bulk substrate such that only the hinges 

respond to a uniform stimulus (cf. Figure 2.1b).  Examples include polyimide hinges that 

shrink at temperatures >500 °C,
18,28

 and shape memory metal alloys that actuate with Joule-

heating.
1,8  

These methods require multiple fabrication steps to define the hinges since they 

must differ in chemical composition from the folding ‘panels’.  Multilayer film stacks (cf. 

Figure 2.1c) with different thermal expansion coefficients or swelling ratios can also be 

employed as hinges.
25, 29-32

  

Our approach to self-folding (Figure 2.1d) employs localized absorption of light 

from an inexpensive infrared (IR) light bulb on an otherwise compositionally homogenous 

sheet of shape memory polymer to convert a uniform external triggering stimulus (i.e., 

unfocused light) into a hinging response.  This approach uses mass-produced materials 

without the use of multiple fabrication steps.
1,33

  Black ink defines the hinges, which can be 

patterned, in principle, by nearly any conventional printing process; we chose to use a 

desktop printer out of simplicity. The polymer directly underneath the ink heats rapidly to 

exceed the glass transition temperature (Tg) of the polymer. As a result, the hinged regions 

relax and bend the sheet. Bidirectional folding (i.e., folding both toward the light source and 

away from the source) can be realized by patterning black ink on opposite sides of the 

polymer film as schematized in Figure 2.1d. 
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We use sheets of inkjet printable Shrinky-Dinks, commercially available toys 

composed of pre-stressed polystyrene shrink sheets (the printable versions of Shrinky-Dinks 

include a proprietary surface coating to improve adhesion of ink or toner).
34,35

 Pre-stressed 

polymer sheets are essentially shape memory materials that are fabricated by heating the 

polymer above Tg, stretching, and subsequently cooling below Tg to preserve the deformed 

shape.
36

 As a consequence of such processing, the stress stored temporarily in the films 

releases rapidly when heated above the Tg (e.g., sheets of Shrinky Dinks contract in-plane by 

50-60% in both the x and y dimensions
34

; cf. Figure S2.1 in the supporting information). 

Shrinky-Dinks have been used previously as substrates for the fabrication of microfluidic 

chips
34,35

 the densification of metal microdot arrays,
37

 and the topographical patterning of 

surfaces
38 

 All of these applications make use of uniform heating of Shrinky-Dinks to cause 

the entire film to shrink. In contrast, our self-folding process requires rapid local heating of 

the hinges to induce self-folding. We achieve hinging without doing any shape pre-

programming by selectively heating small regions of the sheets. In this study, we 

demonstrate and characterize this simple self-folding process experimentally and present a 

simple theoretical model that provides insight into the folding mechanism.  
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Figure 2.1. Schematic of different approaches to self-folding via thermal actuation (a-c are in 

cross-sectional view). Previous approaches include folding induced by
25

: a) pre-programming 

of shape memory polymers; b) responsive hinges (red) composed of materials that differ 

from the bulk (blue); c) expansion mismatch of multilayer film stacks; and d) Our approach 

uses a uniform sheet and an even stimulus that is localized by surface patterns: i) A plain 

Shrinky-Dink; ii) Unidirectional folding via absorption of light by black ink (width, w) 

patterned on one side of the Shrinky-Dink; and iii) Bidirectional folding due to ink on both 

sides of the transparent Shrinky-Dink.  Due to effective light absorption by the ink, the 

polymer under the black ink heats up faster than the rest of the polymer. The thicknesses of 

polymer films and black ink are not drawn to scale. 

 

 

2.2 Experimental 

A desktop laser printer (HP-P3005dn) produced 2D patterns (designed in CorelDRAW
®
) 

onto clear inkjet Shrinky-Dinks (Grafix Shrink Film).  We cut the patterned polymer sheets 

into smaller samples (e.g., L = 25 mm, L’ = 10 mm). An unfocused IR heat lamp (S4998, 

Satco) placed a constant distance of 5 cm from the polymer films to provide consistent light 

intensity for each experiment. We centered the polymer films under the lamp to improve the 
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uniformity of irradiation. A thermopile (818P-001-12, Newport) measured the flux to be 988 

mW/cm
2
 at this distance. In some cases, we carried out the the folding experiments on a hot 

plate (EchoTherm
TM

 HS30, Torrey Pines Scientific) to raise the support temperature of the 

polymer sheet closer to Tg prior to irradiation. We separated the samples from the hotplate 

using a 0.5 mm thick polydimethylsiloxane (PDMS) network sheet to minimize heat flux at 

the bottom of the Shrinky Dink during exposure to light (the surface of the PDMS was 

typically ~2 °C within the hot plate temperature).  

 

2.3 Results and Discussion 

We patterned black toner on Shrinky-Dinks using a desktop printer and induced folding by 

placing the sheets under an IR light bulb at a set distance (5 cm from the lamp).  The samples 

folded typically within seconds upon exposure to the light.  The folding time required to 

complete folding depends on the intensity of the IR light (fixed in our experiment at 988 

mW/cm
2
), the hinge width (w), and the temperature (TS) of the base support (e.g., a hot plate 

on which the 2D patterned sheet rested during the IR light exposure). The folding angle (F, 

the angle between two adjacent facets on the inked side of the hinge) can be controlled by 

varying the exposure time to light and the shape, size, and pattern of the inked region that 

defines the hinge.  For clarity, we note that F is related complementarily to the angular 

displacement of the fold (B) as F = 180 - B.  For instance, to achieve a folding angle of 

60, the originally flat sheet has to bend by 120. 

Figures 2.2a-c depict three examples of 3D folds generated via our approach.  The 

left column depicts the 2D structures before irradiation with IR light and the right column 
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displays the corresponding 3D structures after self-folding. Figures 2.2b, c demonstrate 

bidirectional folding of patterned Shrinky-Dinks; black ink patterned on the backside of the 

sheet absorbs the IR light that passes through the sheet (The sheets are slightly hazy due to 

light scattering, but transmit light effectively as shown in Figure S1.  Measurements using an 

integrating sphere attachment on a UV-Vis spectrometer show ~90% transmission.).  White 

Shrinky-Dinks featuring patterns of black lines also undergo unidirectional self-folding, but 

bidirectional folding requires transparent substrates.   

Self-folding can form 3D structures, including rectangular and polyhedral boxes, as 

shown in Figures 2.2d-f. The folding angle generated by a single hinge is typically 90°, 

which is convenient for forming boxes. The folding angle can, however, range from 60° to 

90° depending on the exposure to light exposure time and the width of the hinge (cf. Table 

S2.1 in the supporting information). We created tetrahedral boxes by defining hinges with 

folding angles of 60° (cf. Figures 2.2e, f). Single line hinges with line widths narrower than 

2 mm result in folding angles larger than 60° and thus incomplete closing of the tetrahedral 

box. This limitation can be overcome by increasing the width of the printed line (cf. Figure 

2.2e).  Alternatively, adjacent parallel lines (cf. Figure 2.2f) also produce hinges that possess 

small folding angles (cf. Table S2.2 in the supporting information). These empirical results 

suggest that various 3D structures can be realized by controlling the line width and pattern of 

the hinge. 
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Figure 2.2. Photographs of 3D structures created by self-folding of Shrinky-Dinks patterned 

with a desktop printer. a) Single line (w = 1 mm, L’ = 10 mm) patterned on the top side of 

the Shrinky-Dink; b) two lines (w = 1 mm, 12 mm spacing, L’ = 10 mm) patterned on either 

side of the Shrinky-Dink; c) three lines patterned on alternating sides of the Shrinky-Dink 

(w = 1 mm, 12 mm spacing, L’ = 10 mm); d) rectangular box (20 mm x 10 mm x 10 mm, 

w = 1.5 mm); e) tetrahedral box (w = 2.0 mm); and f) tetrahedral box with adjacent double 

hinges (w = 1.0 mm, inter-hinge spacing 0.3 mm). Both tetrahedrons have a square bottom 

facet (10 mm x 10 mm) and equilateral triangles on the other facets. 

 

 

We measured the surface temperature of the polymer sheet as a function of time 

during exposure to light using an IR camera (FLIR A325). The measurements reveal that 

folding begins when the surface of the hinge exceeds 120 °C (cf. Figure S2.2 in the 

supporting information), which is above Tg of the polymer sheet (102.7 °C, as measured by 

differential scanning calorimetry). At temperatures above Tg, the polymer starts relaxing to 
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obtain sufficient shrinkage for folding. Notably, the temperature of the non-patterned regions 

of the polymer does not change significantly in most cases (e.g., a sheet pre-heated to 80 °C 

stays within the range of 80 - 90 °C during folding).  

We performed systematic experimental measurements to study the impact of the line 

width and the temperature of the support on the onset of folding.  For these studies, we define 

the ‘onset of folding’ as the exposure time to the IR source required to initiate folding as 

observed by the naked eye. Since heat is required for folding, it is intuitive that faster onset 

of folding times occur at higher TS values (which require less light absorption to generate the 

heat required to exceed Tg) and larger w values (which provide more heat absorption), as 

shown in Figure 2.3a.  With TS set to 90 °C, folding commences within one second 

regardless of the width of the patterned line (2.0 mm down to 0.5 mm, w < 0.5 mm gives 

imperfect folding).  Lines having w ranging from 1.5 mm to 2.0 mm at TS values of 50 °C 

and 70 °C also initiate folding at a similar rate. At the other extreme, TS at 20 °C and line 

widths <0.7 mm, folding occurs after prolonged exposure times, which results in imperfect 

folding and deformation of non-hinged regions of the substrate (Figure S2.3 in the 

supporting information shows deformed panels resulting from over exposure to light).  

During long exposure times, heat dissipates and is no longer localized at the hinge; this 

observation underscores the importance of differential heating of the hinge relative to the 

facets.  

We modeled the temperature profile inside the polymer films using COMSOL 

Multiphysics 4.0a software and compared the simulation results to the experimental 

measurements to gain more insight into the folding mechanism. The model assumes that (1) 
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the black patterned lines act as heat sources with a heat flux equivalent to the local intensity 

of the lamp, (2) the only source of heat originates from the absorption of light by the printed 

lines, (3) the bare surface of the Shrinky-Dinks does not absorb light, (4) the initial 

temperatures for the polymer sheets are the same as the temperatures of the support, and (5) 

the thermal conductivity and heat capacity of the polymer sheet are those of polystyrene.
39

 

Based on our thermal imaging measurements we define the theoretical onset time required to 

initiate folding as the instant at which any point on the top surface reaches 120 °C (cf. 

Figure S2.2 in supporting information).   

 

 

Figure 2.3. a) Experimental time needed to initiate folding (folding,exp) as a function of 

different patterned line widths and support temperatures and b) Time difference between the 

experiment and simulation (folding,exp-folding,simul) needed to initiate folding as a function of 

different patterned line widths and support temperatures. Shrinky-Dinks (25 mm x 10 mm) 

feature a single line of ink patterned across the center of the sample. The initial support 

temperatures (TS) range from 20 to 90 °C and the widths of the lines vary from 0.5 mm to 2.0 

mm. 
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In Figure 2.3b we plot the difference between the experimental and theoretical onset 

of folding times as a function of the width of the line hinge. It is apparent from the data that 

the model captures effectively the folding trends measured experimentally at elevated 

support temperatures (50 ~ 90 °C). This agreement supports the assumptions in the model 

including the heat fluxes and the threshold surface temperature of the hinge (120 °C) needed 

for folding to commence. The model is less accurate in describing the onset of folding times 

in the samples that possess narrow line widths (<1.5 mm) and low TS values (20 °C).  At long 

onset of folding times, heat can transfer to and from the substrate in ways that are neglected 

by the model. In addition, heat is transferred radially from the surface of the line to the bulk 

and the temperature of the polymer near the lines increase as a function of time (cf. Figure 

S2.4 in supporting information). The polymer sheet is able to dissipate the heat created by 

light absorption by the narrow lines.  It therefore takes more time for the hinges to get warm 

enough to relax and cause folding at these conditions.  During this time, the non-patterned 

regions of the polymer also heat up due to heat transfer from the lines and the supporting 

substrate.  It is also possible that due to rather slow folding under these conditions we may 

not observe the initial onset of folding with the naked eye; consequently the observed onset 

of folding appear longer than predicted theoretically by our model. Regardless of the reasons 

for the aforementioned small discrepancies, the model and experimental data are in 

satisfactory agreement to justify thermal flux as the stimulus for folding.  

Figure 2.4 compares the simulated temperature profiles of both the top and bottom 

sides of the polymer sheets with different line widths patterned on the top surfaces of the 

sheet.  The thermal profiles represent snapshots captured when folding begins (i.e., when the 
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maximum temperature reaches 120 °C).  The data are plotted as a function of the two most 

extreme support temperatures explored in this study (the two top-most plots are at TS = 20 °C 

and the two bottom-most plots are at TS = 90 °C) and the two most extreme line widths (the 

two left-most plots have w = 0.5 mm and the two right-most plots have w = 2.0 mm). 

Importantly, the temperature at the bottom sides does not exceed Tg as noted by the 

horizontal dotted line, which is consistent with the observation that only the top faces bearing 

the ink pattern shrink. If the hinge shrunk uniformly throughout the depth of the film, then 

the film would likely shrink in-plane or distort, rather than fold. 

For a given TS, the temperature profiles of samples with different line widths show 

the same temperature peak height but different peak widths. Wider hinges (w = 2.0 mm) have 

more area between the temperature profile (on the top side) and Tg than that for narrower 

hinges (w = 0.5 mm). This result is consistent with intuition; the amount of energy absorbed 

increases while increasing the width of the printed line hinge.  The result is also consistent 

with observation; the onset of folding time decreases as the width of the printed line hinge 

increases.  

For a given w, the temperature profiles possess similar shapes but different support 

temperatures. Longer onset times are demonstrated in samples with low support temperature 

(TS = 20 °C) relative to those with high support temperature (TS = 90 °C), consistent with 

experimental observations. Moreover, high support temperatures produce profiles with a 

more significant portion of the sheet above the Tg than those at low support temperatures. 

Thus, the time difference between different line widths at high support temperatures is 

smaller than the difference at low support temperatures.  
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In addition, for a given line width, the temperature profiles spread further outside the 

line width at lower support temperatures than at higher support temperatures. This results 

likely in more imperfect folding (i.e., bare regions of the Shrinky-Dinks contract) due to the 

heating of non-patterned region, as observed experimentally. 

 

 

Figure 2.4. Simulated cross-sectional temperature profiles on the top (solid lines) and bottom 

(dotted lines) sides across the length of Shrinky-Dinks with different line widths (w = 0.5 

mm and w = 2.0 mm) at two different support temperatures (TS = 20 °C and TS = 90 °C. a) 

w = 0.5 mm, TS = 20 °C; b) w = 2.0 mm, TS = 20 °C; c) w = 0.5 mm, TS = 90 °C; and d) 

w = 2.0 mm, TS = 90 °C. Each profile depicts a snap-shot of the temperature near the 

patterned line when the top central surface first reaches 120 °C. Times listed in each panel 

indicate response times for onset of folding as determined from the COMSOL simulation. 
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Besides w and TS, other parameters may also affect the folding behavior. The folding 

of the hinged region is similar to a classic bending beam.
40

  Due to the thermal gradient 

through the thickness of the film, there is also a gradient in strain relaxation.  The top of the 

film, which is hottest, relaxes the fastest and therefore relieves the most strain to induce 

folding.  This asymmetric relaxation is critical for folding.  Although our experiments focus 

on a small set of materials and geometries, based on the proposed mechanism we believe that 

the folding behavior will depend on factors such as the magnitude of the heat flux, the 

support temperature, the geometry of the sample (e.g., sheet thickness), the mechanical 

properties of the polymer (e.g., the amount of stored stress, the time scales of relaxation, and 

the bending modulus as a function of temperature), and the thermal transport properties. In 

the current state, the folding is irreversible.  The folded shapes, however, can revert back to a 

flat, shrunken version of the initial 2D sheet by uniformly heating the shapes above Tg as 

shown in Figure 2.5. Further study has demonstrated the availability of folding complex 

origami shapes by our approach as shown in Figure 2.6. 

Folding of the polymer film can be also realized by employing a light source with 

other wavelengths (i.e., 320-500 nm). Although we focused on simple line hinges in this 

study, other hinge geometries, i.e. circular hinges, can form curvilinear saddle points (cf. 

Figure S2.5 in the supporting information). Moreover, lines created by markers (e.g., Sharpie 

makers and China markers) can also absorb light and induce folding, but toner patterned with 

a desktop printer offers better control of the geometry of the hinge. The folding also depends 

on the loads imposed on the facets. We made a crude measurement of the force exerted by 

the folding process.  Specifically, we clipped weights (i.e., small binder clips) on the end of a 
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sample like the one depicted in Figure 2.2a and measured the weight at which it would no 

longer fold (2.8 g  placed a distance of 1 cm from a hinge with w = 1 mm).  

 

 

Figure 2.5. Depiction of a folding / unfolding scenario.  A grain of rice (left) can be 

packaged into a self-folded box (center).  Uniformly heating the box above the glass 

transition temperature causes it to unfold and shrink in plane (right). 

 

 

 

Figure 2.6. Demonstration of some origami structures induced by self-folding utilizing our 

approach. The left column shows 2D flat template patterned with black inks as hinges, and 

the right column shows 3D shapes self-folded when exposing those templates to light. The 

hinge width is 1.5 mm in these images. 
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2.4 Conclusion 

We demonstrate self-folding of pre-stressed, planar polymer films (Shrink-Dinks) by using 

local light absorption that heats pre-defined hinges patterned by black toner from a desktop 

printer.  The appeal of our simple approach is the ability to convert 2D patterns into 3D 

structures using inexpensive materials without the use of complex fabrication steps. We 

achieve folded structures by choosing an appropriate geometry of the inked pattern, line 

width and the support temperature. A model based on heat transfer captures effectively the 

folding trends measured experimentally. Wide hinges fold faster than narrow hinges, which 

may be useful for creating chronologically synchronized folding. Although we kept light 

intensity and the light source constant in the experiments, increased light intensity and more 

focused light should result in faster and more uniform folding; this may be required to 

achieve the necessary differential heating between the hinge and substrate to miniaturize the 

process. It may also be possible to induce folding with patterned light rather than patterned 

hinges. Moreover, inks absorbing heat corresponding to different wavelengths can be applied 

for self-folding. Other shrink films with different thicknesses and different pre-stresses may 

provide different scales for 3D structure and folding angles. In the current state, the folding is 

irreversible.  The folded shapes, however, can revert back to a flat, shrunken version of the 

initial 2D sheet by uniformly heating the shapes above Tg; this reversion may be useful for 

packaging and unpackaging of objects.   
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Supporting Information 

 

 

            

Figure S2.1. Photographs of Shrinky-Dink substrates like those used in this study.  (left) A 

pristine substrate shrinks significantly in plane via uniform heating in the oven at 120 °C.   

(right) The pristine substrate is slightly hazy prior to shrinking, but transmits light 

effectively. 

 

 

Table S2.1. Folding angles as a function of line width patterned across the narrow dimension 

of a Shrinky-Dink (L = 25 mm, L’ = 10 mm).  

Line Width (mm) Folding Angle (°) 

2.0 ≈60 

1.7 ≈75 

1.5 ≈75 

1.2 ≈90 

1.0 ≈90 

0.7 ≈90 

0.5 ≈90 
 

 

 

Table S2.2. Folding angles for double-line hinges as a function of line spacing on Shrinky-

Dinks (25 mm x 10 mm). Two lines (each with a width of 1 mm) were patterned parallel to 

each other across the center of the sheet with a space placed between the lines.  

 

Line Spacing (mm) Folding Angle (°) 

1 ≈45 

0.5 ≈60 

0.3 ≈60 
 



 

 

72 

 

 

Figure S2.2. Thermal photograph (left) of a Shrinky-Dink (L = 25 mm, L’ = 10 mm) during 

the folding process taken using an infrared camera and the corresponding temperature profile 

defined in the black box (right). It is apparent that the film is beginning to fold in this snap-

shot. In this experiment, the substrate started with a support temperature of ≈80 °C prior to 

irradiation. The temperature is plotted as a function of distance along the axis perpendicular 

to the hinge. The temperature is largest in the middle of the line and reaches ≈120 °C when 

folding first initiates, yet quickly tapers off to the support temperature, which is important for 

rapid, selective heating of the hinge.  

 

 

 

Figure S2.3.  Photograph of a deformed box that is representative of the deformation that 

occurs to the panels when a sample is over-exposed to the light.  
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Figure S2.4. Colored maps of the modeled temperature profile in the cross-section of a 

Shrinky-Dink during the first 4.2 seconds of exposure at TS = 20 °C. The heat originates from 

the top surface, which is the location of the ink.  The two vertical dashed lines represents the 

patterned line width (w = 1.5 mm). 

 

 

 

Figure S2. 5. Photographs of (a) a 2D Shrinky-Dink (diameter 10 mm) patterned with black 

toner in the shape of a concentric circle (w = 1 mm, outer diameter 6 mm) and (b) the 

resulting 3D saddle structure that forms upon exposure to light.   
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CHAPTER 3 

Modeling Self-Folding Kinetics Using Thermal Shrinkage of   

Pre-Strained Polymer Sheets* 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

_____________________________ 
* This chapter is partially based on Y. Liu, R. Mailen, Y. Zhu, M. D. Dickey,  J. Genzer. 

Advanced Materials Interfaces, submitted. 
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3.1 Introduction 

This chapter develops a predictive model of the dynamic folding angle of thermally driven 

self-folding sheets.  Self-folding sheets are substrates that fold without human intervention, 

which is appealing for packaging, assembly, and actuation.
1–6

  Self-folding is typically 

accomplished by pre-defining hinges in a two-dimensional (2D) substrate that facilitate the 

formation of three-dimensional (3D) structures.
1,2

  Previously, we demonstrated a simple 

approach to self-folding by printing black ink (e.g., toner from a desktop printer) as a light 

absorber on pre-strained polymer sheets, i.e., shrink films, which are shape memory 

polymers (SMPs) that shrink in plane when heated above their glass temperature, and 

triggering the folding of the sheet by irradiating it with light.
7
  The inked region, i.e., ink and 

the polymer underneath the ink, which defines the self-folding ‘hinges’, absorbs light 

preferentially relative to the rest of the optically transparent sheet.  Folding occurs when the 

inked region gets sufficiently hot to allow the pre-strained polymer sheet to relax directly 

under the ‘hinge’ in a gradient fashion through the depth of the sheet.  The appeal of this 

approach is its simplicity in converting 2D patterning of inexpensive plastic materials into 

3D objects using only light.  

We sought to understand and model the folding kinetics, i.e., folding angle as a 

function of time, which is important for understanding and controlling the self-folding of pre-

strained polymer sheets.  Constitutive models have been developed previously for amorphous 

SMPs that incorporate their thermo-mechanical behavior to capture the shape memory 

effect.
8–10

  These methods require a number of intrinsic material parameters and complex 

finite element analysis for the prediction of the shape memory effect.
8, 9,11–13

  Here, we 
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predict the kinetics of self-folding using macroscopic properties of pre-strained polymer 

sheets incorporated into a simple geometric model without the need to measure the intrinsic 

thermo-mechanical properties of the polymer.  We measure the time evolution of the 

macroscopic in-plane sheet shrinkage over a range of constant temperatures and constant 

heating rates.  We then employ these macroscopic measurements to predict both the 

maximum folding angle and the change of folding angle with time through the use of a 

simple geometric model of the shrinkage profile across the depth of the ‘hinge’.   

 

3.2 Experimental 

A desktop laser printer (HP-P3005dn) produced 2D black ink patterns (designed in 

CorelDRAW
®
) onto clear inkjet Shrink Film (Grafix

®
).  The film thickness is 0.3 mm, as 

measured by a caliper.  An infrared heat lamp (250 W, Phillips) and a halogen lamp (90 W, 

Phillips) were used as heating sources.  Shrinkage was carried out on a hot stage (Mettler 

Toledo FP82HT) with the initial temperature of 100 °C.  Non-isothermal shrinkage test for 

high heating rates (>20 °C/min) was carried out on a hot plate (EchoTherm
TM

 HS30, Torrey 

Pines Scientific) at the pre-heating temperature of 100 °C.  Plain pre-strained PS sheets were 

used for shrinkage test in the hot stage.  Plain sheets coated with black ink were used for non-

isothermal shrinkage test under the exposure to IR and halogen lamps.  All polymer sheets 

for shrinkage test had initial dimensions of 20 mm x 20 mm.  The dimensions of the polymer 

sheet in the X and Y directions before and after shrinkage were measured by a caliper.  The 

temperatures of the surface of ink patterned PS sheet and hinge area of the folding sample 

were measured by IR camera (FLIR A325).  The hinge patterned PS sheets were cut into 
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smaller samples (25 mm x 10 mm).  The bending angles of the samples were recorded by 

video camera (Cannon Vixia HF S20).  

 

3.3 Results and Discussion 

Our approach to self-folding relies on the local delivery of external heat to a hinge relative to 

the rest of the sheet.  This localized heating can be accomplished by patterning hinges of 

black ink from a desktop printer.  Figure 3.1 compares the response to light (an infrared heat 

lamp, Phillips) of both plain pre-strained polystyrene (PS) sheets (Grafix
®

 shrink film, 

≈122% biaxial pre-strain) and a sheet printed with black ink.  The samples rest on a hot plate 

set to 90 °C, which brings the sheet closer to the glass transition temperature (Tg) of PS.  An 

infrared (IR) camera measures the average temperature of the top surface of the PS sheets as 

a function of exposure time to the lamp.  Absorption of light by the black ink causes the 

coated PS sheet to heat up and shrink due to strain relaxation.  The shrinkage of the pre-

strained polymer sheet (S) is defined as: 

  
    

  
 .         (3.1) 

In Equation (3.1), l0 is the original length of the polymer sheet before strain relaxation upon 

heating and l is the length of the PS sheet during heating.  Shrinkage reaches its maximum 

value (55%) over the course of 10 seconds.  In contrast, the plain (i.e., un-inked) PS sheet 

maintains its original size over the course of 10 seconds of exposure to the IR lamp.  The 

temperature of the polymer increases slightly due to absorption of the longer wavelengths (in 

the IR region) from the IR lamp, but does not warm up enough to induce measureable 

shrinkage within the time scale of the experiment.  The sheet coated uniformly with black ink 
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initially curls upwards because the top of the PS sheet is hotter than the bottom and therefore 

relaxes more rapidly on the inked surface.  This behavior is important for understanding how 

self-folding occurs when the black ink defines a hinge.  

 

 

Figure 3.1.   Temperature dependence on the exposure time to a heat lamp for a plain pre-

strained PS sheet (open symbols) and a pre-strained PS sheet printed with black ink (solid 

symbols).  Photographs of representative black and plain PS sheets depict the geometry for 

selected data points.  Curled samples are flattened for imaging.  The PS sheets (initial 

dimension 20 mm x 20 mm) rest on a hotplate at 90 °C during the exposure to IR light.  

 

Self-folding occurs when the top of the hinge shrinks faster than the bottom of the 

hinge, which is realized by delivering heat locally and rapidly to the top of the hinge.  

Folding is ultimately a dynamic process that depends on strain relaxation, and thus, 

temperature across the film thickness as a function of time.  We therefore seek to study the 

kinetics of shrinkage of pre-strained PS sheets as a function of temperature, time, and heating 
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rate on a macroscopic scale to ultimately understand the kinetics of folding within the 

confines of the hinge.  

First, we studied the shrinkage behavior of PS sheets under isothermal conditions to 

investigate the effect of temperature on the kinetics of shrinkage.  We measured the 

shrinkage of PS sheets versus time while holding the temperature constant within a hot stage.  

Figure S3.1 (cf. Supporting Information) shows the shrinkage of the PS sheets as a function 

of time in both the horizontal (X) and the vertical (Y) direction of the sheet in portrait view.  

The shrinkage takes places simultaneously in both X and Y directions especially at high 

temperatures or high heating rates.  Our analysis focuses on the shrinkage performance in 

one of the directions (say, X).  

Figure 3.2 plots the shrinkage data of PS sheets under isothermal conditions as a 

function of heating time for various temperatures.  As expected, the shrinkage rate, i.e., the 

change of shrinkage with time, increases with increasing temperature.  This isothermal 

shrinkage can be modeled analogously to first-order chemical reaction kinetics:
14

  

           (    )  .       (3.2) 

In Equation (3.2), S is the shrinkage at time τ; S∞ is defined as the ultimate shrinkage 

obtained at the plateau of shrinkage on the time scale of our experiments; kt is the shrinkage 

rate constant, and τ0 is the induction time (i.e., the time when the nonzero stress appears
15

) 

under isothermal conditions.
14

  The model can be understood intuitively as having a 

maximum shrinkage rate when the PS strain is the largest and subsequently slowing down as 

strain (and stress) in the PS sheet relaxes due to shrinkage.  The lines in Figure 3.2 have been 
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obtained by fitting the experimental data (symbols) to Equation (3.2); the values of the fitting 

parameters are listed in Table S3.1 in the Supporting Information. 

 

 
 

Figure 3.2.   Thermal shrinkage of pre-strained PS sheets (initial dimension 20 mm x 20 

mm) as a function of heating time at a constant temperature.  The symbols represent the 

experimental data and the lines are best fit curves using Equation (3.2).  The inset magnifies 

the data from 0 to 50 s. 

 

Figure 3.3 shows the relationship between the ultimate shrinkage (S∞) and 

temperature under isothermal conditions (cf. Figure 3.2).  The ultimate shrinkage increases 

with increasing temperature and this trend can be fit by Equation (3.3):  

            (    )  .       (3.3) 

In Equation (3.3), Sm, kT, and T* are the fitting parameters with the values of 57.8%, 0.204 

°C
-1

, and 99.2°C, respectively.  The maximum shrinkage for our pre-strained PS sheets, 
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defined by the amount of pre-strain incurred during the manufacturing process, is ≈55%.  

However, within the time scale of our experiments, S∞ only reaches this plateau when the 

temperature is at least 115~120 °C, which is consistent with previous measurements.
16

  S∞ is 

a strong function of temperature in the range between 100 and 120 °C.  We ultimately use 

Equation (3.3) to predict the maximum thermal shrinkage behavior as a function of 

temperature when T > T*.  The reference temperature (T*) in Equation (3.3) (99.2 °C) is very 

close to the Tg (≈103 °C) of PS, as measured by differential scanning calorimetry (DSC).
7
  

The reference temperature can be understood as a threshold temperature above which the PS 

sheet must be heated before shrinkage occurs.  It is therefore intuitive that this value should 

be close to Tg of the PS sheet. 

In analogy to activation energy in chemical reactions, the natural logarithm of the 

shrinkage constant (kt), derived from isothermal shrinkage experiments (cf. Figure 3.2), is 

inversely proportional to the temperature, as governed by the well-known Arrhenius 

equation.  The activation energy of thermal shrinkage can then be obtained from the slope of 

ln(kt) vs. 1/T.  From the data in Figure 3.3, the slope for the temperature range between 100 

and 110 °C is much larger than that for the range between 130 and 160 °C.  As a result, the 

activation energy of thermal shrinkage of the PS sheets (253 kJ/mol) at 100~110 °C is much 

higher than that (43 kJ/mol) at 130~160 °C with a transition region 115~120 °C.  Thus, 

significant shrinkage occurs at elevated temperatures due to low activation energy.  This 

result helps explain why the ‘hinges’ in a self-folding sample need to reach 115~120 °C to 

achieve self-folding.  Self-folding relies on rapid and local delivery of energy to the ‘hinge’ 

and therefore requires folding to occur quickly before the heat dissipates outside the ‘hinge’ 
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region.  Our previous work demonstrated that self-folding of PS sheets occurs when the 

hinge reaches 120 °C, which is well above the Tg of the polymer sheet.  The critical 

temperature 115~120 °C derived from the present study is thus consistent with this previous 

observation.
7
  Our estimations for the activation energy of thermal shrinkage are within the 

reported range of activation energies for oriented PS in the literature,
12

 which range from 

84
17

 to 502 kJ/mol.
18

 

 

 

Figure 3.3.   (Left) Ultimate shrinkage (S∞) of PS sheets as a function of temperature during 

isothermal heating.  The line is the best fit to the experimental data using Equation (3.3).  

(Right) Dependences of the shrinkage constant (kt) on temperature during isothermal heating.  

The values of kt have been obtained by fitting the data in Figure 2 to Equation (3.2).  The 

slopes give activation energy for thermal shrinkage of PS above and below the critical 

temperature required for self-folding.  

 

We also studied the shrinkage behavior of PS sheets under non-isothermal conditions 

to investigate the effect of heating rate on sheet shrinkage.  Specifically, we measured the 
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sheet shrinkage as a function of temperature while keeping heating rates constant.  We used a 

hot stage to create a uniform heating environment over a range of heating rates (ranging from 

2 to 20 °C/min, the maximum of our hot stage) and measured how the shrinkage of the 

samples changes with time.  We also carried out similar measurements with higher heating 

rates by using IR and halogen lamps and varied the heating rates by adjusting the distance of 

the lamp from the PS sheet.  We measured the temperature of the PS sheets by an IR camera.  

The first-order reaction kinetics, given by Equation (3.4), can model the shrinkage kinetics at 

constant heating rate.  This relationship works well except when the shrinkage is small (e.g., 

the first 1~2 data points when it first starts to shrink at temperatures close to 100 °C).
14

 

          (    )         (3.4) 

In Equation (3.4), S is the shrinkage at time τ (τ = 0 corresponds to the time when heating 

begins); S∞ is the ultimate shrinkage; K is the shrinkage rate constant for a constant heating 

rate and T0 is the onset temperature for shrinkage.  We calculated the corresponding heating 

rates for the various intensities by averaging the heating rate value over the interval [0, τMS], 

where τMS is the time needed to achieve maximum shrinkage (i.e., 55%) (cf. Figure S3.3 in 

Supporting Information).  

Figure 3.4 shows several representative shrinkage profiles as a function of 

temperature for different heating rates in order to express the first-order reaction relationship 

described in Equation (3.4).  Figure S3.2 in the Supporting Information contains a more 

comprehensive data set of shrinkage as a function of heating rates.  Table S3.2 in the 

Supporting Information lists the parameters representing the best fits using Equation (3.4).  

T0 depends linearly on the heating rate as shown in Figure 3.4.  High heating rates, achieved 
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by exposing the PS sheets to IR light, result in a onset shrink temperature much higher than 

Tg.  This result helps explain an unexpected observation about self-folding.  Previously, we 

observed that self-folding of PS sheets typically occurs when the surface of the hinge reaches 

120°C under the exposure of IR light.
7
  The current study implies that the critical 

temperature (115~120 °C) for this type of folding in Figure 3.3 is higher than the Tg of PS.  

Moreover, the dependency of T0 in Equation (3.4) on heating rate is analogous to the 

relationship between Tg and the heating rate in a traditional DSC measurement.
19

  The 

intercept of the best fit line in Figure 3.4 (i.e., extrapolation to an infinitesimally slow 

heating rate) yields 105.5 °C, which is very close to the Tg of PS (≈103 °C).  This result is 

remarkable considering the simplicity of the measurements and the nature of the experiment; 

i.e., performing macroscopic measurements and extracting molecular information.  
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Figure 3.4.   (Left) Thermal shrinkage of pre-strained PS sheets (initial dimension 20 mm x 

20 mm) as a function of temperature during constant heating rate.  A wide range of heating 

rates is realized by using a hot stage (squares), halogen lamp (circles), and IR lamp 

(triangles), respectively.  The numbers in parentheses denote different heating rates (C/min).  

The lines are best fits to Equation (3.4).  (Right) Dependence of T0 derived from the equation 

on the heating rates.  The line is a guide to the eye. 

 

The study of in-plane shrinkage kinetics of PS sheets under both isothermal and non-

isothermal conditions (cf. Figure 3.1-3.4) helps explain the existence of a critical 

temperature for self-folding (120 °C for the PS sheets used in this study) and provides an 

estimate of Tg.  The following sections correlate the macroscopic strain relaxation of the PS 

sheets as a function of temperature, time, and heating rate to the kinetics of folding and the 

folding angle for various hinge widths (cf. Figure 3.5-3.6).  Specifically, we present a simple 

geometric model based on the differential shrinkages between the top surface of the hinge, 

i.e., immediately below the black ink, and the bottom side of the PS sheet to predict the 

maximum folding angle and dynamic folding angle as a function of hinge width.  
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First, we predict successfully the maximum folding angle by using a simple 

geometric model.  In our previous work we showed that during folding, the temperature on 

the bottom side of the PS sheet does not exceed Tg while the temperature on the top surface 

(the ink) reaches the critical temperature of 120 °C for folding.
7
  Ultimately, with prolonged 

exposure to light the PS sheets will unfold, which implies that the bottom side of the PS sheet 

eventually shrinks due to increased temperature.  For simplicity, we assume that the folding 

reaches the maximum bending angle when the top surface achieves the maximum shrinkage 

(55%) while the bottom side of the PS sheet does not shrink.  The model assumes a linear 

shrinkage gradient across the PS film thickness (H).  We record the maximum bending angle, 

αB, i.e., the angular displacement of the fold, which is complementary to folding angle.  The 

predicted maximum αB agrees well with the experimental data.  The value of αB can be 

calculated from Equation (3.5) as: 

                (
   

   
)  .      (3.5) 

In Equation (3.5), W is the hinge width, H is the film thickness, and S is the maximum 

shrinkage of the PS sheet (55%) as indicated in Figure 3.5.  

The calculated αB derived from the geometric model matches well with the 

experimental bending angle especially in the median range of hinge widths.  The discrepancy 

at narrow hinge widths (0.5 mm) is likely due to the heat dissipation outside of the hinge 

region during the long exposure time to the light source required to induce folding.  The 

discrepancy at wide hinge widths (1.5~2.0 mm) may be due to the fact that the folded PS 

‘panel’ blocks incoming light when αB > 90 and therefore the light does not reach the 



 

 

87 

printed hinge.  Consequently, the experimental αB value for wider hinges plateaus close to 

90 and is thus lower than that predicted by the model.  This model fits the experiment well 

when exposing to light sources at high heating rates (e.g., IR light heating shown in Figure 

3.4).  At low heating rate, however, the heat dissipates outside the hinged region and the 

shrinkage on the bottom side cannot be neglected (cf. Figure S3.4 in Supporting 

Information), which results in smaller αB than that predicted from the model.  The dissipation 

of heat also causes the PS sheet to distort outside of the hinge.  This underestimation of αB at 

low heating rate by the model justifies the assumption for the geometric model that the 

maximum bending angle occurs when the top surface achieves the maximum shrinkage 

(55%) while the bottom side of the sheet does not shrink.  Therefore heat has to be 

delivered locally and rapidly to realize self-folding and fulfill the assumption of the 

geometric model. 
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Figure 3.5.   (Left) Side-view schematic of the polymer sheet (blue) and ink (black) 

depicting the simple geometrical model used to calculate the bending angle.  (Right) Bending 

angles (αB) as a function of hinge width obtained from experiment (circles) and calculated 

using the geometric model (squares). Experimental data were collected form pre-strained PS 

sheets as depicted in top-view schematic (initial dimension 25 mm x 10 mm) with a single 

line of ink patterned across the center of the sample resting on hotplate at 90 °C and exposed 

to external IR light at a distance of 5 cm. 

 

This simple geometric model not only estimates the maximum angle well, but also 

predicts successfully the change in αB with time for different hinge widths.  We measured the 

temperature of the hinges (Th) during folding as a function of time by an IR camera and 

found that the surface temperature rises quickly in the initial 2~3 seconds of exposure to the 

IR light for all hinge widths and then plateaus (120~130 °C) (cf. Figure 3.6) despite the 

constant flux (1W cm
-2

) of energy from the lamp placed at a distance of 5 cm from the 

sample to achieve a high heating rate.
7
  This plateau may be due to steady state heat 

dissipation, decreased area for light absorption due to the shrinkage of the inked region on 
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the PS sheet, or the simultaneous increase of mass near the hinge due to accumulation of 

shrunken material.  Based on this temperature profile, the shrinkage performance of the hinge 

area for folding can be divided into two stages:   1) non-isothermal shrinkage under the 

constant heating rate of the light before reaching the plateau (first 2~3 seconds of exposure to 

light), and 2) isothermal shrinkage for the remaining light exposure.  Thus, predicting the 

shrinkage of the hinge associated with this thermal profile requires information from both the 

isothermal and constant heating models by convoluting the temperature and time profile in 

Equations (3.2) and (3.4), respectively, while assuming the bottom of the hinge does not 

shrink.   

The calculated αB obtained by combining the isothermal and non-isothermal 

shrinkage models in conjunction with the simple geometric model of folding agree very well 

with the measured αB values for different hinge widths (cf. the right column of Figure 3.6).  

The change of αB occurs rapidly in the first 2~3 seconds, which also verifies that self-folding 

relies on rapid heat delivery on the hinge region.  This model underestimates αB for the 

narrowest hinges (W = 1.0 mm).  This discrepancy is likely due to the relatively large heat 

dissipation at the hinge boundaries and the low resolution of the IR camera.  Nevertheless, 

the results in Figure 3.6 suggest that measuring the surface temperature of the pre-strained 

PS sheet at the hinge as a function of time provides sufficient information to calculate the 

folding angle as a function of time if the macroscopic strain relaxation properties of the 

polymer sheet are known.  The model also confirms that wider hinges lead to larger degrees 

of folding since there is greater strain relaxation at the hinge.  
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Figure 3.6.   (Left column) Temperature of the inked hinge, Th (solid squares) measured by 

IR camera.  (Middle column) Thermal shrinkages of the PS sheets on the top surface (solid 

circles) derived from the temperature temporal profile.  (Right column) Experimental 

bending angle change with time (solid triangles) compared with bending angle calculated 

based on the thermal shrinkage derived from the temperature temporal profile (open 

triangles).  The different rows correspond to data with different hinge widths, W, equal to 

(from top to the bottom): 1.0, 1.2, 1.5, and 2.0 mm. 

 

 

3.4 Conclusion 

This work offers a simple model to predict successfully the kinetics of self-folding of pre-

strained polymer (i.e., PS) sheets as a function of hinge width when the heat is delivered 

rapidly and locally to the hinge.  To develop the model, we studied the thermal shrinkage of 

these pre-strained PS sheets under two separate thermal conditions: 1) constant temperature, 
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and 2) constant heating rate.  We measured and modeled the resulting macroscopic shrinkage 

behaviors of these PS sheets and used the resulting information to predict the folding 

dynamics using a simple geometric model.  The appeal of this work is that it predicts 

accurately the angle of self-folding vs. time by simply measuring the thermal profile of the 

hinge with time and applying a simple model without the need for finite element analysis nor 

the measurement of the intrinsic thermo-mechanical properties of the polymer. 

There are several important findings from the study relevant to thermal shrinkage of 

pre-strained polymer sheets.  The increase of shrinkage with time at constant temperature or 

at constant heating rate follows a relationship typically found in the first-order reaction 

kinetics.  Significant shrinkage takes place at elevated temperatures (>120 °C for the pre-

strained PS sheets investigated here) due to the lowered activation energy of thermal 

shrinkage.  This is consistent with the fact that self-folding in pre-strained PS sheets occurs at 

temperatures 115~120 °C, which is well above Tg of PS.  These high temperatures ensure 

that the polymer folds rapidly before heat dissipates outside the hinged region.  In addition, 

extrapolation of the onset temperatures obtained at different heating down to “zero” heating 

rate provides a macroscopic estimate of Tg of the polymer sheet. 

Experiments involving self-folding help elucidate the heat management and strain 

relaxation in pre-strained polymer sheets heated above the glass transition of the polymer.  

To that end, we established that the folding follows a two-step process.  Specifically, sheet 

relaxation is initiated by non-isothermal shrinkage that takes place under constant heating 

rates.  Shortly thereafter (2~3 seconds in our case), this first stage is followed by isothermal 

shrinkage which relaxes the strain completely from the sheet.   
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In spite of its simplicity, the model predicts successfully the experimentally measured 

folding angles as a function of the hinge width.  We note that although we only work with 

polymer sheets having constant thickness, degree of pre-strain, and chemical composition, 

the model we have developed should be applicable to sheets featuring other pre-strained 

polymers, in which the aforementioned attributes vary.  In developing the model, we 

assumed that the strain profile across the film changes linearly with thickness and that the 

thickness is uniform.  As we will show elsewhere,
20

 a more complex model involving 

temperature- and frequency-dependent dynamic mechanical measurement incorporated into a 

finite element analysis can be built to offer a more detailed insight into the strain relaxation 

through the film.  Overall, this work offers a set of necessary guidelines for localized heat 

management in pre-strained polymer sheets that facilitates pre-programmed sheet folding by 

a desired angle. 
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Supporting Information 

 

 

 
 

Figure S3.1. (Left) Representative in-plane shrinkage of the pre-strained PS sheets in both X 

and Y directions with time at a constant temperature of 110, 120 and 160 °C.  The 

experiment is operated in a hot stage at constant temperatures.  (Right) Representative in-

plane shrinkage of the pre-strained PS sheets in both X and Y directions with time at a 

constant heating under the exposure to IR light (479 °C /min and 142 °C/min) and in the hot 

stage (20 °C/min).  All samples (initial dimension 20 mm x 20 mm) rest on a hotplate at 100 

°C or with the initial temperature at 100 °C in the hot stage.  
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Table S3.1. Parameters of the exponential fitted curves using Equation (3.2):        

    (    ) , in different isothermal conditions for the isothermal shrinkage of pre-strained 

sheets.  

Temperature (°C ) S∞ (%) τ0 (s) kt (s
-1

) 

160 58.3 0.10 0.373 

150 57.7 0.12 0.363 

140 59.3 0.32 0.189 

130 57.4 0.48 0.171 

120 55.7 1.46 0.095 

115 54.6 1.40 0.059 

110 50.9 -1.82 0.016 

105 40.9 -22.62 0.004 

100 8.4 1.62 0.003 
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Table S3.2. Parameters of the exponential fitted curves using Equation (3.4):   

  [     (    )], at different heating rates for the non-isothermal shrinkage of pre-strained 

PS sheets. 

Rate (°C/min ) S∞ (%) T0 (°C) K (°C
-1

) 

2 57.9 103.6 0.160 

5 56.9 106.1 0.179 

10 58.3 105.3 0.121 

15 57.7 106.9 0.132 

20 58.7 105.7 0.125 

220 (Halogen 5cm) 57.7 114.8 0.096 

245 (Halogen 

10cm) 
58.4 115.5 0.074 

129 (Halogen 

15cm) 
55* 111.6 0.092 

479 (IR 5cm) 61.6 125.1 0.049 

562 (IR 7.5cm) 63.7 123.7 0.026 

519 (IR 10cm) 59.1 125.3 0.053 

258 (IR 12.5cm) 56.4 115.3 0.079 

142 (IR 15cm) 55* 113.1 0.069 

* S∞ = 55% is fixed for the fitting. 
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Figure S3.2. Thermal shrinkage of the pre-strained PS sheets (initial dimension 20 mm x 20 

mm) as a function of temperature during constant heating rate.  Experimental shrinkage data 

are realized by using hot stage (blue), halogen lamp (green), and IR lamp (red), respectively.  

The numbers in the parentheses denote different heating rates (in C/min).  The lines are best 

fits to Equation (3.4):           (    ) .  

 

 

 
Figure S3.3. Temperature of ink patterned pre-strained PS sheets as a function of time.  

Experimental data are realized by using halogen lamp (green) and IR lamp (red).  The 

numbers in the parentheses denote different heating rates (in C/min), which are realized by 

varying the distance between the lamp to the sample.  All samples (initial dimension 10 mm 

x 10 mm) rest on a hotplate at 90 °C during the light exposure.  



 

 

99 

 

Figure S3.4. Bending angles (αB) as a function of hinge width obtained from experiment 

(circles) and calculated using the geometrical model (squares).  Experiment data were 

collected form pre-strained PS sheets (initial dimension 10 mm x 25 mm) with a single line 

of ink patterned across the center of the sample resting on hotplate at 90 °C and exposed to 

external IR light at various distances (5, 10, and 15 cm).  

 

 

 

Figure S3.5. Thermal shrinkage of black ink patterned pre-strained PS sheets (initial 

dimension 20 mm x 20 mm) as a function of temperature under the IR lamp exposure at the 

distance of 5 cm from the sample.  The line represents the best fit to Equation (3.4):   

        (    ) .  S  55% is assumed.  The samples are rested on the hotplate at 90 °C.  
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CHAPTER 4 

3D Folding of Pre-Strained Polymer Sheets via Laser Light 
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4.1 Introduction 

This chapter describes the use of a laser light to induce rapid folding of planar, pre-strained 

polymer sheets into three-dimensional (3D) shapes.  Folding is an attractive method to 

convert two-dimensional (2D) substrates into 3D structures for applications including 

actuators, sensors, and reconfigurable devices. 
1–6

 

Self-folding is typically accomplished by pre-defining hinges in a 2D substrate that 

facilitate the formation of 3D structures.  To induce folding, a hinge typically differs from the 

rest of the sheet in composition, property, or layout and responds to some external stimuli 

(e.g., heat, light, surface tension).
2,7–11

  Light is a particularly attractive stimulus to induce 

folding because it can be delivered remotely and efficiently and locally; i.e., it can be 

focused, manipulated, or patterned to deliver energy to only the hinged regions on the sheet.  

Uniform irradiation (i.e., non-patterned light) has been used previously to induce folding by 

remotely delivering thermal energy to a hinge.  Examples include patterned light absorbers 

on a uniform pre-strained polymer sheet
12

 or patterned hinges that absorb light.
13,14

  

In our approach, the absorbance of light by a uniform coating of black ink on the pre-

strained substrate causes the polymer beneath the ink to heat and relax gradually across the 

sheet thickness and thus induce folding via localized shrinking.  This approach has many 

advantages.  First, it requires zero pre-processing steps (i.e., no patterning or lithography), 

but induces folding in a homogeneous sheet without pre-defined hinges.  Second, the location 

of the folds can be programmed arbitrarily by changing the locus of irradiation by the laser 

pattern on the 2D sheet.  Third, each fold is actuated independently, which satisfies the 

requirement of sequential folding.  Forth, the folding is scalable and compatible with high 
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throughput manufacturing.  Last, the laser delivers controlled amounts of energy to well-

defined areas, which provides opportunities to study the fundamental folding response as a 

function of beam power, intensity and width.  In addition to providing quantitative 

information about folding time and final folding angle, this approach provides insight into the 

heat dissipation of the substrates and hence the threshold power required to induce folding.  

Here, we describe the process of self-folding induced by irradiation of pre-strained polymer 

sheets with laser light and characterize and analyze the role of power and beam width on the 

time to fold and the folding angle.    

 

4.2 Experimental 

The beam width is defined as the Gaussian diameter of the light source in the vertical 

direction.  The beam width is calculated based on optical lengths in the study of important 

process parameters, while it is measured by a beam profiler (Thorlabs, BP 104-UV beam 

profiler) in the study of folding mechanism.  Power intensity is calculated as the ratio of 

power measured at the spot of the sample over the laser exposure area on the sample (i.e., 

sample width multiplies by beam width).  The ink coating faces the laser radiation in all 

cases shown here, however, the folding can be still induced when the ink coating is back to 

the laser radiation. 

 

4.3 Results and Discussion 

Our experiments are based on a continuous wave 1046 nm Nd:YAG laser that is focused to a 

line using a cylindrical lens.  While other beam shapes are possible, the line shape results in a 
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single, straight hinge produced in the polymer film that is easy to observe and characterize.  

To achieve different beam widths i.e., the dimension of beam parallel to the long axis of the 

sample, the position of the sample is moved relative to the beam focus.  The polymer 

underneath the irradiated region heats and shrinks locally to cause folding of a flat sheet into 

a 90 degree fold within a few seconds (cf. Figure 4.1).  Black ink coated on the pre-strained 

polymer sheets (Grafix
®
 Clear Inkjet Printable Shrink Film, ≈0.3 mm thick, contract in-plan 

biaxially by ~55%) coated with black ink absorbs 90% of incident light based on UV-Vis 

measurements, and almost all incident light  (~ 95%) at 1064 nm specifically (cf. Figure S4.1 

in Supporting Information).  

 

 

Figure 4.1. Photographs of the folding of a pre-strained polymer sheet coated with black ink 

triggered by IR laser light. The sample is 10 mm x 50 mm and is irradiated with a laser beam 

that spans the width of the sample and irradiates from the left side of the images.  The beam, 

though not visible to the naked eye, can be clearly seen in the captured images impinging on 

the sample at times 1 and 2 s. The sample is held in place at the bottom by a clamp supported 

by a laser table.  

 

All tests in this work were done with samples that were cut into striped, which had 

width of 4 mm.  The parameters we varied directly were the beam power (in mW) and beam 
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width (in µm), and indirectly the beam intensity (in W/cm
2
).  We studied the effect of these 

key process parameters on the bending angle and folding time.  We define the ‘bending 

angle’, αB, as the angular displacement of the fold, while ‘folding angle’ is the angle between 

two adjacent facets on the inked side of the hinge.  e measure ‘bending angle’ in the 

discussion here.  e define ‘onset of folding’ as the time the substrate is exposed to light 

before it first starts folding.  Although we choose onset time as a key metric, we note that 

short onset time corresponds to short total time of folding (the time required to get to the 

final bending angle) (cf. Figure S4.2 in Supporting Information).  

Figure 4.2 shows three regions for the folding: no-folding, transitional region, and 

90° folding. We varied the absorbed incident laser power (50~150 mW) and the beam widths 

(0.5 ~ 1.7 mm).  In the experiments, the hinge angle was measured after the sample had been 

exposed to the laser beam for 2 min; this allowed for any folding processes to complete fully.  

The onset time was measured using a stopwatch.   

As seen in Figure 4.2, folding occurs above a power threshold (~60 mW).  As 

expected, increasing the power decreases the onset time and increases the bending angle.  

The bending angle plateaus at 90° because the folded ‘panels’ of the polymer sheet 

eventually folds into the path of the incident beam, preventing further heating of the hinge.  

Although we found that the sample can fold > 90° by changing the incident angle of the 

laser, we only investigated the folding performance when the laser was normally incident to 

the sample.  

We observed that narrower beams require lower powers (mW) for a given onset time 

of folding (or a given bending angle) as shown in Figure 4.2a, b because of smaller 
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footprint.  Once power is normalized by the footprint of the irradiated light (i.e., power 

intensity, W/cm
2
), then narrower beams required larger power densities than the wider beams 

(for a given onset time or bending angle), as shown in Figure 4.2c, d.  The bending angle 

and onset time data collected for multiple beam widths do not collapse onto respective 

unique master plots, however, when plotted as a function of power intensity.  Visually, it 

appears, however, that large deviations occur in samples with narrower hinge widths while 

specimens with larger hinge widths tend to form universal curves in both bending angle and 

onset time data.  We speculate that narrower beams lose a more significant amount of energy 

to the edges (of the irradiated region) and therefore require a higher incident intensity to 

achieve the same response as a wider beam.   
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Figure 4.2. Bending angle and onset time of folding as a function of laser incident power or 

incident intensity when the folding is triggered by IR laser light in a static linear manner. The 

samples are black ink coated pre-strained polymer sheets (4 mm x 40 mm).  

 

Folding occurs when the hinge exceeds at critical temperature (~120 °C, which is 

above the glass transition temperature, Tg, of the sheet of 103C 
12

) and a thermal gradient is 

established through the depth of the hinge as discussed in our previous work.
12

  As 

demonstrated in Figure 4.2, folding does not occur until power reaches to a threshold value 

(~ 60 mW). We speculate that below this power threshold, the substrate is able to dissipate 

the thermal energy such that the polymer beneath the irradiated light never exceeds the Tg of 



 

 

107 

the polymer sheet. Heat is transferred in a radial direction from the ink surface to the polymer 

bulk (Figure 4.3a).
12

 An estimate on the heat dissipation can be calculated by applying a 

scaling argument.  The heat dissipates inside the edges (outlined by dash lines) on both sides 

of the hinges radially as illustrated in Figure 4.3b.  This edge effect is more prominent for 

narrow beam widths.  The heat loss on the edges can be described by a cylindrical ordinate 

using Equation (4.1) as: 

 ̇     
  

   (
  

  ⁄ )
         (4.1) 

In Equation (1), k is thermal conductivity of the polymer (0.14 W/m/K) measured by the 

thermal conductivity meter (TA Instruments, DTC-300); L is the width of the polymer 

sample (4 mm); r1 is half of the hinge width (r1=W/2); r2 is the half of hinge width plus the 

film thickness (d = 0.3 mm) since the heat is transferred radially as shown in Figure 3b; and 

ΔT is the temperature gradient across the polymer sheet (~20 K) at the intensity of 1 W/cm
2
.  

Therefore,  ̇ is ≈45 m  for 0.5 mm hinge, or ≈75 m  for 1.0 mm hinge, which is consistent 

with the threshold power observed from the experiment shown in Figure 4.2.  This scaling 

argument estimates the temperature change across the given dimensions (i.e., dT/dr) given an 

power intensity of ~1 W/cm
2
; ΔT can be larger at higher intensities (>1 W/cm

2
).  This 

estimate of heat lost dissipated at the edges of the sample offers a rough approximation of 

power threshold required to compensate the energy loss before the initiation of shrinkage of 

the pre-strained polymer sheet so that the folding occurs. This power threshold is consistent 

with the slope (~60 mW) of onset energy for folding (i.e., power multiplies by onset time of 

folding) plotted as a function of onset time of folding, as shown in Figure 4.3c.  In Figure 
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4.3c, data points for a wide range of hinge widths (symbols) and power intensities (color 

scheme) fall onto a universal line with the slope of ~61 mW, which divides the folding 

process into no-folding and folding regions.  Moreover, the intercept in Figure 4.3c indicates 

the amount of energy required to heat up the hinge region of the sample to the transition 

temperature for strain relaxation, which is the heat energy needed in the case of no heat 

dissipation. 

The result of Figure 4.3c is remarkable and unexpected.  It suggests, counter-

intuitively, that increased amounts of energy (onset energy is defined as the amount of 

energy absorbed at the onset time) result in increased onset times.  A more intuitive 

interpretation of the data is that long onset time associate with increased amounts of wasted 

energy.  Thus, the slope of this plot gives a measure of energy lost per time (~60 mW), which 

agrees remarkably well with the onset energy (Figure 4.2) and the scaling argument posed 

here by Equation 4.1. 
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Figure 4.3. (a) Temperature profiles in 3D from the simulation of COMSOL multiphysics; 

(b) Cross-sectional schematics of heat loss on the edge of the hinge. W1 and W2 are the beam 

widths, and d is the dimension of the edge for heat loss (outlined by dashed line and noted by 

yellow arrows); and (c) Onset energy as a function of onset time of folding for various beam 

widths (legend) and incident intensity (color scheme).  

 

 

To quantify the results of Figure 4.2 further, we fit the bending angle with the 

hyperbolic tangent function (Figure 4.2c) as described by Equations (4.2): 
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[    (

    

 
)   ]        (4.2) 

In Equation (4.2), αB is the bending angle, τ is onset time of folding, I is the incident power 

intensity. I0 and W are fitting parameters. We use these best fits to identify the inflection 

point (I0), which can be physically understood as approximately the transition from no 

folding to 90 degree folding.  Figure 4.4 plots that the dependence of the inflection point (I0) 

on laser beam width. I0 decreases with hinge width and finally asymptotes to ~ 1 W/cm
2
. This 

value represents the threshold power intensity to induce folding.  As the hinge width 

increases, the loss of heat to the edges becomes less significant and therefore the intensity 

required to induce folding starts to plateau.  The plateau value (~ 1 W/cm
2
) represents the 

total rate of heat loss by the sample.  Below this value, the sample dissipates heat so that the 

hinge never exceeds the critical value. This critical intensity would likely decrease if the 

sheet started at a higher initial temperature (here, room temperature), although that is outside 

the scope of this work.   

 

 

Figure 4.4. Fitting parameters for the inflection point, I0 obtained from the bending angle vs. 

intensity using Equation (4.2). 
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4.4 Conclusion 

We demonstrated a process of self-folding of uniform pre-strained polymer sheets induced by 

the laser writing without pre-patterning of the folding hinge.  Using bending angle and onset 

time as folding characterization metrics, we showed that the power, power intensity, and 

beam width are all important in governing the folding process.  Folding occurs only above a 

certain power threshold (~60 mW) required to compensate for the heat loss to the edge of the 

hinge.  For a given hinge, a larger power increases the angle and decreases the onset time.  

The substrates are capable of dissipating ~1 W/cm
2
 of intensity, based on our measurements.   

The ability to induce folding of planar films using light without any pre-patterning 

represents a significant step in self-folding of polymer sheets due to the simplicity of the 

method and its compatibility with rapid throughput processing.  While here we use a simple 

pattern of light from the laser to study the fundamentals of folding, the approach is broadly 

appealing because there are many ways to pattern light, such as photolithography and 

rastered lasers.   
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Supporting Information 

 

 

 
Figure S4.1. UV-Vis Spectra of plain pre-strained polymer sheets and black ink printed pre-

strained polymer sheets.  

 

 

 
Figure S4.2. The relationship between onset time and total time of folding.  (Legend: laser 

beam width in the unit of microns) 
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CHAPTER 5 

Sequential Folding of Polymer Sheets via Color Selection 
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5.1 Introduction 

This chapter describes a novel approach to self-folding of pre-strained polymer sheets in 

sequential order without complicated multistep fabrication.  Folding occurs at ‘hinges’ 

defined by patterns of ink printed by an inkjet printer.  Folding takes place when the ink 

absorbs light from a lamp, which causes the polymer underneath the hinge to shrink leading 

to sheet folding selectively at the ‘hinge’.  Here, we show that the time scale (and thus, 

sequence) of folding can be controlled by the wavelength of light, the absorbance of the 

hinge (based on the color or greyscale), and the width of the hinge.  An appeal of this 

approach is that it utilizes high-throughput two-dimensional (2D) patterning techniques (i.e., 

photolithography, screen printing and inkjet printing) to create three-dimensional (3D) 

structures by defining hinges in the 2D substrates and controlling the time sequence of hinge 

folding.
1–3

  Self-folding is attractive for a number of applications such as actuators, sensors 

and packaging.  Here, we show a remarkably simple approach for controlling the time scale, 

direction, and sequence of folding using parameters that can be controlled readily by an 

printer and the light sources. 

The ability to control the folding pathway in sequence is an attractive feature for 

folding complex origami structures with high yield. For example, embedded Joule-heating 

elements has demonstrated the ability to control accurately sequential folding pathways in 

complex structures.
6,7

 Moreover, sequential folding of microstructures with bilayer hinges 

patterned with pre-strained hinges has been demonstrated using laser light as the trigger.
8
 

Meanwhile, we have demonstrated previously self-folding of pre-strained polymer sheets by 

patterning black ink regions on the sheet that acted as folding hinges.
9
 The black ink 
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absorbed heat more effectively than the plain polymer when exposed to infrared (IR) light.  

As a result, the polymer underneath the ink heated gradually through the thickness of the 

sheet and relaxed the pre-strained sheet to induce folding.  In this work we print hinges with 

different colors (greyscale or color inks) on pre-strained polymer sheets and employ light 

sources by various wavelengths to achieve selective initiation of folding.  This approach 

allows us to tune the absorption of light and thus timing of folding.  Sequential folding, 

defined simply as time-dependent and programmed folding of multiple hinges printed onto 

the same sheet, can thus be achieved by using: 1) hinges of different widths and/or colors that 

are exposed to the same light source, or 2) hinges with the same width and color exposed to 

different light sources, or 3) the combination of 1) and 2).  Our work offers a simple 

approach for sequential folding of 3D structures without multistep fabrications nor 

complicated pre-programming. 

 

5.2 Experimental 

Clear inkjet shrink film (Grafix
®
) with the film thickness of 0.3 mm was used as the pre-

strained polymer sheet. An Epson stylus C88+ inkjet printer produced 2D color ink patterns 

and A desktop laser printer (HP-P3005dn) produced 2D black ink patterns, which were 

designed in CorelDRAW
®
. The black ink ratios for different greyscales were measured using 

ImageJ. An infrared heat lamp (250W, Phillips), 15 watt deep-red, blue and green LEDs 

(LED Supply) and 50 watt red and blue LEDs (LED-Hero) were used as the heating sources. 

The samples (25 mm x 10 mm) feature a single black line hinge across the center of the 

sample. The samples were carried on a hot plate (EchoTherm
TM

 HS30, Torrey Pines 
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Scientific) at the pre-heating temperature of 90 °C. The bending angles of the samples were 

recorded by video camera (Cannon Vixia HF S20). The bending angles were measured by a 

protractor.  

 

5.3 Results and Discussion 

Sequential Folding via Applying Black Ink and Utilizing IR Heat Lamp 

Sequential folding occurs when certain hinges in the sheet fold faster than others in response 

to a uniform or local stimulus.  The temporal response of a hinge can be quantified by the 

‘onset of folding’ (i.e., the duration of exposure to light prior to the initiation of folding).  

One way to control the onset of folding is to vary the width of black hinges, which absorbs 

light very efficiently based on our previous work..
9
 In which case, we utilized an IR lamp 

(power density ~1 W/cm
2
) to fold pre-strained polystyrene sheets resting on a hotplate (50 to 

90 °C).  In these experiments, folding occurs fast (1~2 s onset time) with wide hinges (1.5 to 

2.0 mm), whereas folding occurs slower (10~20 s) with narrow hinges (≤1.2 mm).  Figure 

5.1 shows the bending angle (αB, i.e., the angular displacement of the fold, which is 

complementary to folding angle) versus time for different hinge widths with all other 

parameters being constant.  Given the small difference in folding times between the 

narrowest and widest hinge width studied here controlling hinge width alone does not offer 

sufficiently general approach for controlling the sequence of folding.   
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Figure 5.1. (Top) Representative photographs of the folding process with different hinge 

widths (2.0, 1.5 and 1.0 mm from top to bottom) when the samples are rest on the hotplate of 

90 °C and under the exposure of IR heat lamp at a distance of 5 cm (power density ~1 

W/cm
2
). The samples (25 mm x 10 mm) feature a single black line hinge across the center of 

the sample. A printed protractor image is set as the background (Bottom) Bending angles 

change with different hinge widths (2.0, 1.5 and 1.0 mm) as a function of time.  

 

 

Utilizing the absorbance of the hinge is another strategy for controlling sequential 

folding.  Hinges printed in greyscales can be employed as alternatives for achieving 

sequential folding. Hinges in greyscales produced by desktop printers comprise different 

densities of uniformly distributed black dots on a transparent background, as shown in 

Figure 5.2a.  Here we employ “percentage of black in greyscale” as the percent of black 

color to represent the greyscale.  Thus, hinges with lower greyscale (i.e., less intensity of 

black dots in white background) absorb less light per area than hinges with higher greyscale 
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(i.e., high intensity of black dots in white background). The optical absorption of these 

greyscale patterns are shown in Figure 5.2b.  As documented in Figure 5.2c, increased 

greyscale correlates directly to the absorption of light.   

 

 
 

Figure 5.2. (a) Optical microscope images of plain polymer sheet and polymer sheet 

patterned with various greyscale levels, i.e., percentages of black ink (20%, 40%, 60%, 80%, 

and 100%) in grayscale. (b) Absorption spectra for the plain pre-strained polymer sheet and 

the black ink printed sheet with different greyscales ranging from 200 nm to 1100 nm. (c) 

Relationship of average optical absorption ranging from 400 to 800 nm with the percentage 

of black ink for the plain polymer sheet and the sheets printed with different greyscales. The 

dash line (y=x) is a guide to the eye. 

 

Figure 5.3 shows the folding performance using hinges with different greyscales and 

two different widths (1 and 2 mm).  The onset time decreases with increasing greyscale 

and/or increasing the hinge width.  Concurrently, the bending angle increases with increasing 
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the level of greyness and/or increasing the hinge width.  Hinges with <20% greyscale cannot 

absorb a sufficient amount of heat to induce folding. Large αB (~90°) can be only achieved in 

samples with high greyscale ( ≥ 60%).  The gradual increase in the onset time of folding with 

increasing the greyscale can induce folding or rolling on substrates patterned with a gradient 

of greyscales. Figure 5.4 demonstrates the principle of achieving sequence with greyscale 

and also introduces a new mode of actuation—“sequential rolling”—utilizing wide multiple 

hinges with a gradient of greyscales.  A glass slide compresses the left side of all of the 

samples to the hot plate except for the sample in Figure 5.4a.  Figures 5.4a, b show a 

continuous gradient of greyscales, in which the darkest regions fold the fastest.  Figures 5.4c, 

d show discrete hinges with decreasing (or increasing) amounts of greyscale.  

 

 
 

Figure 5.3. (Top) The onset of folding and (Bottom) the bending angle as a function of 

absorption for the ink hinges with different greyscales (20~100%) and different hinge widths 

(W = 1 mm and 2 mm). The samples (25 mm x 10 mm) feature a single black line hinge 

across the center of the sample. The samples are rest on the hotplate of 90 °C and under the 

exposure of IR heat lamp at a distance of 5 cm. 
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Figure 5.4. Photographs for sequential rolling process of pre-strained polymer sheets 

patterned with descending greyscales by 10% black from 100% black to plain sheet. The 

sample is 22 mm x 5 mm. Time interval for processes (a)-(c) is one second, and time interval 

for process (d) is one second except last picture is at 9
th

 second. The samples are rest on the 

hotplate of 90 °C and under the exposure of IR heat lamp at a distance of 5cm. The samples 

for processes (b)-(d) were pressed by a glass slide on the left side. 
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Sequential Folding via Applying Color Inks and Utilizing LED Lights 

Light emitting diodes (LEDs) emit light at a specific wavelength whereas an IR heat lamp 

emits a broad spectrum spanning the visible to the IR regime.  Utilizing LEDs as the light 

stimulus for folding has two important advantages relative to an IR heat lamp.  First, it allows 

for the use of colored hinges that absorb (or transmit) selectively the light from the LED.  In 

contrast, greyscale inks absorb light indiscriminately and are thus more difficult to control.  

Second, although the polymer sheets are optically transparent in the visible range (i.e., the 

range covered by the LEDs used here), they do absorb in the IR wavelengths region.  As a 

consequence, the ‘panels’ (i.e., regions of the sheet without ink) heat and distort in response 

to long exposures of light.  

We utilized three different LEDs (green, blue, red with different wavelengths as 

shown in Table S5.1 cf. Supporting Information) and printed inks using the CMYK color 

scheme from a desktop printer.. The printed color inks are the composite of dots of cyan, 

magenta, yellow and black which can be observed under the optical microscopy (Figure S5.1 

cf. Supporting Information). Figure 5.5 plots the UV/Vis absorption spectra of different 

colors patterned on a plain, transparent polymer sheet.  Images of the LED light sources 

placed above the figure indicate the wavelengths of interest and help identify inks with 

selective absorption (or transmission).  For example, yellow and cyan inks are ideal because 

they show opposite absorption behaviors at 470 nm (blue LED) and 660 nm (deep-red LED).  

The differential absorption of color inks at specific wavelengths thus provides more freedom 

for the design of hinges with selective absorption for sequential folding.   



 

 

124 

We demonstrate sequential folding using two different color hinges (yellow and cyan 

inks) that respond selectively and preferentially to hand-held LED torches (15W) with two 

specific colors as shown in Figure 5.6.  The yellow hinge only responds to 660 nm (deep-red 

LED)to cause folding and remains flat under blue LED illumination even after extended 

exposures (10 min); while sheets printed with cyan hinge remain flat under the same LED for 

10 minutes but fold in response to  470 nm (blue LED) in just a few seconds.  This simple 

idea can be extended to other color pairs with different LED lights. (Figure S5.2 cf. 

Supporting Information).  This demonstration qualitatively validates the concept that 

sequential folding of 2D substrates patterned with different color hinges can be achieved by 

utilizing specific wavelengths to trigger those color hinges selectively.  

 

 

Figure 5.5. Absorption spectra of color inks printed on plain pre-strained polymer sheet and 

plain sheet. Dash lines represent the typical wavelengths for blue (470 nm), green (530 nm) 

and deep-red (660 nm) LEDs as shown in inset photos. 
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Figure 5.6. (a) Photographs for “sequential folding” by utilizing the hinges in yellow (in 

response to blue LED) and cyan (in response to deep-red LED). 15W LEDs were used at a 

distance of 1.5 cm from the sample. (b) Change of bending angle with time for yellow and 

cyan hinges under the exposure of deep-red and blue LEDs separately.  

 

Besides the color of lights (i.e., wavelengths for light), light intensity and hinge width 

are also important to induce the folding in sequence. Intuitively, either high light intensity or 

wide hinge width can absorb high energy to induce folding in a fast pace. We, therefore, 

studied different parameters affecting the folding process. We utilized 50 W LEDs with large 

irradiation area (40 mm x 40 mm) to investigate the impact of those key parameters and to 

offer more uniform light exposure for the templates.  Two wavelengths of light were used: 

630 nm (Red LED) and 470 nm (Blue LED). Here, 630 nm Red LED instead of 660 nm 

Deep-red LED was used for the following systematic study on key parameters and 

demonstrations due to the product availability from the vendor. 

 

The self-folding process (tested by single line hinge here), quantified in terms of the 

onset folding time and the bending angle is controlled by key parameters which are 1) the 



 

 

126 

wavelength (color) and 2) intensity of light, 3) absorption of light by the inks, and 4) the 

hinge width (if we consider sheets of the same thickness).  The experimental approaches to 

vary those parameters are listed in Table 5.1. Here, we only uses two wavelengths of light 

are used: 630 nm (Red LED) and 470 nm (Blue LED) to study the first parameters (P1). In 

either case, folding process (onset time of folding and bending angle) is studied in response 

to the effects of light intensity (P2), light absorption by inks (P3), and hinge width (P4). The 

most prominent effects are summarized in Table 5.1, while the complete experimental results 

are plotted in Figure S5.3 (cf. Supporting Information). To simplify the study, we only 

utilized two wavelengths (P1, 630nm and 470 nm) here. Also, wide hinges (2.0 mm) usually 

provide B ~90° while narrower hinges lead to smaller B.  Therefore, we mostly used 

templates featuring hinge widths of 2.0 mm to realize the 3D structures with large B. 
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Table 5.1. Key process parameters important for sequential folding.  

 

Parameters Method to control Effects 

P1: Wavelength 

(λ) 

LED colors (Red, Blue LEDs 

tested) 

Determines light absorption of 

different color inks 

P2: Intensity of 

light (I) 

Adjust distance from light to 

sample (1.0 ~ 3.0 cm tested) 

(Table S5.1) 

Very low intensity (~400 mW/cm
2
) 

cannot provide sufficient energy 

for folding; high intensity (~1,500 

mW/cm
2
) induces folding even ink 

absorption <20%.   

P3: Absorption 

of light by inks 

(A) 

Use different CMYK color 

scheme (Table S5.2) 

Roughly > 40% absorption of light 

needed for folding if using 

moderate light intensity 

P4: Hinge width 

(W) 

1.0; 1.5; 2.0 mm tested Usually ~90° when W=2.0mm 

 

 

Besides P1 and P4, we studied the effect of P2 and P3 on the folding process as 

shown in Figure 5.7a, b. The axis labeled “absorption” combines the convolved effect of 

light wavelength (here red and blue LEDs) and absorption by the inks.  In general, fast 

folding (onset time <10 s) and large folding (bending angle close to 90°) occur with high 

light absorption and high light intensity.  To consider the power needed for folding, Figure 

5.7c, d plots the onset time and bending angle as a function of the power (mW) obtained by 

multiplying the light power areal density intensity (mW/cm
2
) with ink absorption 

(dimensionless) and hinge area (cm
2
).  Bending angles close to 90° can be obtained when the 

power is >50 mW/cm. The trends in Figure 5.7 appear independent of LED wavelength and 
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instead, depend solely on absorbed light, as expected. Therefore, the folding with large 

bending angle ( 90°) or fast onset time (< 10s) can be achieved as long as the desired power 

(>60 mW), while the desired power can be obtained by adjusting proper light intensity, hinge 

width and absorption of inks.  

 

 

Figure 5.7. 3D plots of onset time (a) and bending angle (b) for folding with optical 

absorption of inks and light intensity. Data points include the test using samples with 

different hinges widths (1.0, 1.5, and 2.0 mm) and different LEDs (red LED and blue LED). 

Onset time (c) and bending angle (d) for folding as a function of power for both red and blue 

LEDs. Samples (25 x 12 mm) feature a single line of ink patterned across the center of the 

sample. 
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Although indispensable contribution of all these parameters (P1~P4) to the folding 

process, we sought to create a practical guide for sequential folding which only need relies on 

the color selection (i.e., LED colors and ink colors). As discussed above, we prefer to use 

templates featuring hinge widths of 2.0 mm to realize the 3D structures with large B. 

Moreover, we fixed the LED distance over the sample during the experiment to achieve 

sufficient intensity for folding (> 400 mW/cm
2
) but to keep relatively spacious distance to 

allow 3D structures formed without collision to the light. Therefore, the red LED is set at a 

distance of 1.5 cm from the sample with an estimated intensity of 601 mW/cm
2
 and the blue 

LED is set at a distance of 2.0 cm from the sample with an estimated intensity 743 mW/cm
2
 

(the intensity ranges for different LED lights are listed in Table S5.2 (cf. Supporting 

Information).  Figure 5.8 describes the absorption properties as a function of ink color.  By 

assuming the fixed conditions of P1 and P4 have been applied as described above, the 

selection of color hinges has to satisfy the light absorption for the LED > 40% (referred to 

the discussion about Table 5.1 and Figure S5.3). A sample selection has been listed in Table 

5.2.  
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Figure 5.8. Color selection guideline for the sequential folding using color hinges. The hinge 

width is 2.0 mm, and 50 W red and blue LED lights are used set with moderate intensities as 

described above. The dash line denotes the minimum absorption (> 40%) desired to achieve a 

good folding. 

 

 

Table 5.2. Examples of color selection for sequential folding. 1
st
 hinge represents the hinge 

which folds first in that case, while 2
nd

 hinge represents the hinge which folds following 1
st
 

hinge. Yes or No represents folding or no folding separately.  

 

Example LED Color 1
st
 Hinge  2

nd
 Hinge 

1 Red Cyan (Yes) Yellow (No) 

Blue Cyan (No) Yellow (Yes) 

2 Red Green(Yes) Orange (No) 

Blue Yellow (Yes) Cyan (Yes) 
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5.4 Applications of Sequential Folding 

Further examples of the sequential folding utilizing color hinges and LEDs have been 

demonstrated here. For example, sequential folding of nested boxes represents a similar 

structure like “Matryoshka doll” as shown in Figure 6.9a.  A smaller box (5 x 5 x 5 mm
3
) 

with green hinges folds under the exposure of red LED while larger box (10 x 10 x 10 mm
3
) 

with orange hinges stays flat, which is consistent with the absorption of green and orange 

colors in Figure 5.8.  The larger box with orange hinges folds after switching to blue LED.  

This example represents the sequential folding with light control. Moreover, unfolding 

pathway can be realized by patterning different color hinges on both sides of the polymer 

sheet as shown in Figure 6.9b. First, the blue hinge (facing to LED) can be folded under the 

exposure of red LED, and then folding of the red hinge can be induced when flipping the 

sample and making the red hinge faces to blue LED. Therefore, unfolding can be finally 

achieved. More applications by employing sequential folding will be further studied.   
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Figure 5.9. Strategy of sequential folding applied for (a) folding nested boxes with light 

control; and (b) realizing the unfolding pathway with color hinges patterned on both sides of 

the polymer sheet. All samples are rested on the hotplate at 90 °C for folding.  

 

 

5.5 Conclusion 

We demonstrated a novel and simple approach to realize sequential folding of 3D shapes by 

patterning inks of different light absorptivity (i.e., greyscale inks or color inks) as hinges on 

homogeneous pre-strained polymer sheets.  Sequential self-folding or rolling can be realized 

by utilizing hinges with decreased light absorption for potential applications such as grippers 

or actuators.  Moreover, hinges of different color printed onto the same sheet offer the ability 

of sequential folding upon the exposure of different light sources (i.e., light wavelengths).  

This approach demonstrates the realization of sequential folding tuned by: hinge width, hinge 

color and the type (and wavelength) of the light source. This method only requires one-step 

inkjet printing on a 2D substrate to create complex 3D shapes.  Various demonstrations of 
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self-folding have been shown in this work to validate this approach, which can be further 

applied for origami folding, multifunctional devices and unfolding pathways.  
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Supporting Information 

Table S5.1. Measured power density for different LED lights used for the folding test. 

Color Wavelength 

(µm) 

Nominal Power of 

LED (W) 

Distance to 

Sample (cm) 

Power Density 

(mW/cm
2
) 

Deep-red 660 15 1.0 580 

   1.5 519 

   3.0 362 

Green  530 15 1.0 318 

   1.5 285 

   3.0 181 

Blue 470 15 1.0 727 

   1.5 636 

   3.0 373 

Red 630 50 1.0 916 

   1.5 602 

   2.0 513 

   3.0 261 

Blue 470 50 1.0 1541 

   1.5 1238 

   2.0 743 

   3.0 421 

 

 

 

 

Figure S5.1. Optical microscope images of different CMYK inks. From left to right are blue, 

cyan, green, 40% black, black (top row); and magenta, red, orange and yellow (bottom row). 

The scale bar is 500 µm. 
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Figure S5.2. Photographs for “sequential folding” by utilizing the hinges in magenta color 

(in response to green LED) and cyan (in response to deep-red LED). 15W deep-red LED was 

used at a distance of 1.5 cm from the sample, and 15W green LED was used at a distance of 

0.7 cm from the sample due to the low power density of green LED. 
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Figure S5.3. Dependence of onset time (left) and bending angle (right) for folding on the key 

process parameters (i.e., ink absorption and light intensity) for different hinge widths of  (a) 

1.0 mml (b) 1.5 mm; and (c) 2.0 mm.  
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CHAPTER 6 

Formation of Isotropic Buckles on Polystyrene and Enhancement 

of its Aspect Ratio  
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6.1 Buckles based on Polystyrene Laminates 

Poly(dimethylsiloxane) (PDMS) and its derivatives have been used widely to produce 

wrinkled surfaces
1–4

 primarily due to their low modulus (E ~1 MPa) and high coefficient of 

thermal expansion (CTE) (≈ 96x10
-5

 K
-1

).  In addition to silicones, other materials have also 

been employed in generating wrinkles, albeit to a smaller extent, primarily due to higher E 

and lower CTE than that of PDMS.  One example involves polystyrene (PS) that has a E≈ 3.2 

GPa 
5
 and CTE ≈ 7x10

-5
 K

-1
.
6
  Those attributes, in addition to a relative high glass transition 

temperature (Tg) of ~100 °C make PS less amenable for buckling experiments at room 

temperature.  However, when heated above the Tg, PS can be used as a substrate for 

buckling, as demonstrated by multiple research groups during the past few years.
5–8

  Thin 

films of PS, a relatively chemically inert thermoplastic,
9
 are easy to prepare by spin-coating 

on solid supports from a toluene solution.  The PS film can be decorated with a thin layer of 

metal or oxide that completes the formation of the bilayered laminate.  Much research has 

been done on buckling of Al/PS bilayers.
6,7,10

  Buckling occurrs due to the mismatch of 

thermal expansion between the Al capping film (CTE= 25x10
-6

 K
-1

) and the PS substrate, as 

mentioned in Chapter 1. In addition to Al we also use indium tin oxide (ITO) film as a 

capping film, whose CTE (10x10
-6

 K
-1

)
11

 is on the same order of magnitude as that of Al. 

The mismatch of thermal expansion between the capping film (i.e., ITO) and silicon support 

(3x10
-6

 K
-1

) can cause the formation of buckles as well.  Due to its high transparency and 

good electrical properties, ITO is widely used in manufacturing of transparent electrodes in 

solar cells and flat panel displays.
12
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6.2 Experimental 

Silicon substrates were cleaned in acetone and isopropanol sequentially by in 10 minute long 

ultrasonic treatment, followed by 10 minutes of ultraviolet ozone treatment.  Polystyrene 

pellets (Mw = 230 kDa, Mn = 140 kDa) were dissolved in toluene to prepare polymer 

solutions of different concentrations. Polystyrene thin films with different thicknesses were 

formed by spin-coating the solutions on silicon substrates (Table S6.1). The spin-coated 

films were annealed over 110 °C for 3 hours on a hotplate to remove any residual solvent.  

The ITO films were deposited using RF sputtering system (power = 20W) with an ITO 

target.  The base pressure of the chamber was ~ 1.6x10
-6

 Torr and process pressure was 4 

mTorr. Al films were deposited using DC sputtering system (power = 30 W).  The base 

pressure of the chamber for sputtering was <1x10
-5

 Torr and the pressure during the 

sputtering was 6 mTorr. The real-time development of buckles was observed with optical 

microscope through the open hole in the hot-stage.  

 

6.3 Results and Discussion 

Figure 6.1 shows typical buckles formed in ITO/PS bilayer samples resting on top of a flat 

solid support (silicon wafer).  AFM reveals that the surface morphology comprises isotropic 

buckles. In addition, buckle formation was also studied in systems involving ITO films 

deposited on free-standing PS sheet as shown in Figure 6.2. There are no buckles observed 

in the samples even by heating them to temperatures >160 °C.  This observation is consistent 

with earlier work in the literature, which discusses mechanism of buckle formation in 

metal/PS bilayer films resting on silicon support.
6
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Figure 6.1. AFM images of isotropic buckles based on ITO (40 nm)/PS (200 nm) bilayer 

resting on top a silicon substrate. 2D top view (a) and 3D tilt view (b). The wavelength is 

≈1.76 µm and the aspect ratio is ≈0.06. 
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Figure 6.2. Investigation of buckle formation on ITO (thickness ~100 nm) coated free-

standing PS sheet under optical microscope under (a) 1000X and (b) 200X magnifications. 

 

 

The wavelength (λ) of those isotropic buckles can be increased by increasing the 

thickness of either the metal or the polymer layers.
6 

 In addition, the buckle wavelength 

depends of the material properties of both layers, such as E, CTE, Poisson’s ratio.
6,13

  We 

have established that the wavelength ranged from 4 to 14 µm when changing the ITO 

thickness from 40 to 500 nm on a 1.5 µm thick PS film, or by changing the PS thickness 

from 200 nm to 19 µm when the ITO thickness was 40 nm.
14

  The thickness of the PS films 

was adjusted by varying the concentration of PS stock solutions and spin-coating conditions 

as listed in Figure S6.1 and Table S6.1. Representative buckles formed when employing 

thin PS film (150 ~ 650 nm) as shown in Figure 6.3.  In thin films (~150 nm) we detect the 

presence of cracks instead of buckles; buckles developed in thicker PS films.  However, the 
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buckled morphology was not uniform through the surface for these thin PS films (< 650 nm 

thick). Buckles formed on thicker PS films (> 1.5 µm) were more isotropic Figure 6.4.  

Real-time investigation of buckle formation on ITO/PS/Si samples reveals “minimum 

annealing temperature” (Tmin) ~ 105 °C at which the buckled start to form. For example, Tmin 

is ≈ 106 °C for ITO (50 nm)/PS (1.5 µm)/Si sample as shown in Figure 6.4. Also, Tmin is ≈ 

107 °C for the ITO (50 nm)/PS (Figure S6.2) sample. This is consistent with the study on 

isotropic buckles of Al/PS on silicon substrates reported in the literature (Figure 6.5).
6
  Tmin 

can be understood as the temperature when thermally induced stress from CTE mismatch 

between the two layers reaches a certain critical stress value.  In addition, Tmin depends on 

the molecular weight of PS (Tmin changes more significantly with the change of PS thickness 

if using high molecular weight PS).
6
 Increasing the Al film thickness (from 30 to 50 nm) 

does not affect Tmin.  For example, a Al (30 nm)/PS (200 nm) bilayer film on silicon substrate 

forms buckles at Tmin ≈ 105 °C.
6
 Similar trend was also observed in ITO/PS films.  For 

instance, Tmin is around 100 ~ 105 °C for ITO (40 nm)/PS bilayer films with PS thicknesses 

~500 nm.
14
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Figure 6.3.  Optical microscope images of isotropic buckles based on ITO (40 nm)/PS films 

with different thicknesses of PS (a) 150 nm; (b) 370 nm; (c) 530 nm and (d) 650 nm on a 

silicon substrate. The ITO thin film was deposited by 20W RF sputtering with 4 mTorr Ar 

pressure. The sample was heated on the hotstage with the heating rate of 10 °C/min from 

room temperature to 120 °C. The scale bar is 100 µm. 
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Figure 6.4. Real-time investigation of isotropic buckles based on an ITO (50 nm)/PS (1.5 

µm) bilayer on a silicon substrate. The buckles start to grow around ~106 °C, and then fully 

grow on the surface and remain stable the sample is cooled down. ITO thin film was 

deposited by 20W RF sputtering with 4 mTor Arr pressure. The sample was heated on the 

hotstage with the heating rate of 10 °C/min from room temperature to 120 °C. The scale bar 

is 100 µm. 
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Figure 6.5. “Minimum annealing temperature” (Tmin) measured for buckles as a function of 

PS thicknesses for different Al thicknesses (30, 40 and 50 nm).
6
 

 

Al is widely used as the top electrode in organic solar cells.  Buckling in Al/PS layers 

has also studied and the trends observed are consistent with our findings in ITO/PS 

laminates. The wavelength and the amplitude (A) of isotropic buckles using different 

thicknesses for the capping film and the PS layer have been investigated and the 

corresponding aspect ratio (AR), defined as /A, has been evaluated. The AR of isotropic 

buckles by post-annealing of bilayer films is 0.04~0.06 with different capping films (ITO in 

our cases) and PS thicknesses (Figure 6.6).
14
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Figure 6.6. The wavelength (λ), amplitude (A) and aspect ratio (AR) as a function of PS 

thicknesses. The ITO capping film thickness is 40 nm.
14

 The solid lines are meant to guide 

the eye. 

 

Two-generations of isotropic buckles have been observed in ITO/PS thin films when 

the PS layer was heated to 160 °C during the deposition of ITO. Small isotropic buckles are 

formed on as-sputtered ITO/PS samples; those form due to thermal expansion mismatch 

between the ITO and the heated PS substrate during the sputtering (Figure 6.7a).  Large 

isotropic buckles are formed on heating ITO/PS samples after sputtering is completed 

(Figure 6.7b).  In the final topography, smaller buckles are superimposed on large buckles, 

which can be easily observed from the zoomed image in Figure 6.7b.  
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Figure 6.7. Optical microscops images of thermal buckles of ITO (40 nm)/PS (1.5 µm) on 

the glass substrate: (a) as-sputtered buckles due to thermal expansion mismatch when 

sputtering at 160 °C; and (b) two generations of buckles after annealing at 120 °C followed 

by sputtering. 

 

Compared with ordered buckled morphologies prepared by mechanical stretching, 

isotropic buckles in metal/polymer thin films offer a simple way to achieve buckled surface 

topographies because the procedure to produce the latter structures only requires annealing 

the samples above the Tg of the polymer support and subsequent cooling, during which the 

buckles form spontaneously. Moreover, this buckling method on thin films is compatible 

with planar processing such as direct deposition (e.g., sputtering, evaporation, spin-coating) 

and printing techniques. Therefore, buckling represents a simple fabrication method and does 

not require any complex processing steps beyond those already used to produce planar layers. 

For example, buckles can be applied as a promising structure for light trapping in organic 

photovoltaics (OPV) which has been studied to fabricate OPV on buckled ITO/PS substrate. 

The most prominent results are summarized in Appendix A of this dissertation.  

 

6.4 Effort to Enhance Limited Aspect Ratio of Isotropic Buckles 

Despite the aforementioned advantages of this buckle-forming method some 

drawbacks exist.  One that is most pertinent to applications as light-trapping devices is the 
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rather low AR of the buckled morphologies (AR~0.05). Although OPV devices built on 

buckled surfaces have demonstrated enhanced light harvesting relative to flat geometries (see 

Appendix A), buckled devices with higher efficiency are desired that could be formed by 

increasing the AR of the buckles.  Therefore, new ways to obtain high AR of isotropic 

buckles need to be explored.  

Recently, enhanced AR up to ~2.5 has been reported by depositing amorphous carbon 

films on a PDMS substrate using glancing angle deposition;
15

 high AR can be achieved by 

using deposition angle of 75°. However, this technology employs an expensive deposition 

method.
14

 

Solvent swelling can also be employed to enhance the AR of buckles since good 

solvent can induce large strains due to the swelling. This approach has been studied before by 

our co-worker using toluene and phenol in PDMS substrate to achieve AR of up to ~0.4.
14

 

However, application of organic solvents is not always amendable for some applications and 

technologies.  

Pre-strained polymer sheets are excellent substrates for generating buckles due to 

their stored strain. For example, Shrinky Dinks
®

 (SD) is a commercial product commonly 

used as a toy for children. It constitutes a pre-strained PS sheet and shrinks in-plane by 

50%~60% during heating over its Tg (e.g., 3-5 min, over 120 °C).
9  

 hine’s group has 

recently reported on the utilization of SD in fabricating deep and rounded microfluidic 

channels (Figure 6.8). 
9,16
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Figure 6.8. a) 3D microfluidic mixer made by Shrinky Dinks
®
;
9  

b) cross-sections of the 

microfluidic channels before and after shrinkage
9 

and c) photograph of gold (top) and ITO 

(bottom) coated SD
 
before and after annealing. 

 

Thin films of gold (40 nm) with a thin adhesion layer of Cr (≈ 5 nm), Ag (70 nm) and 

ITO (40 nm) were deposited on SD films by sputtering. The bilayer samples shrunk when 

annealed at 120 °C for 30 min on the hotplate. To minimize warping of the samples, 

additional weight, such as a thick glass slide or metal sheet, was put on the top of the 

samples. The “crumbled” surfaces of gold and IT -coated SD were formed and imaged by 

scanning electron microscopy (SEM) (Figure 6.9). Shrunken ITO/SD layers have 

demonstrated enhanced light absorption in the visible wavelength due to the “crumbled” 

surface (Figure 6.10).  However, the shrinkage was very high, making SD challenging to 

maintain adhesion to the top layer between SD and the coated film.  
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Figure 6.9. SEM images of “crumbled” surfaces of gold (thickness ~40 nm) with an 

underlying chromium (thickness ~5 nm) layer (left column) and ITO (thickness ~40 nm) 

(right column) on SD 
 
before and after annealing at 120 °C for 30 min on a hotplate. 

 

 

 
 

Figure 6.10. Absorption spectra of plain SD (SDC), shrunken SD (snk-SDC), ITO coated SD 

(ITO/SDC), and shrunken ITO coated SD (snk-ITO/SDC). The ITO film is 40 nm thick, and 

shrinking occurs after annealing at 120 °C for 30 min on a hotplate. 
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Here, we explore a promising new approach employing a different driving force (i.e., 

electric field) to amplify isotropic buckles due to thermal expansion mismatch between 

layers, which requires no solvent and amplifies the buckles formed on the original samples. 

This will be described in the following section  

 

6.5 Buckles with Enhanced Aspect Ratio via Electric-field Amplification 

6.5.1 Hypothesis of Electric-field Amplification 

Electric field (E-field) amplification of buckles is another strategy to increase the low 

aspect ratio (0.04~0.06) of thermally-formed isotropic buckles. Electric field is an attractive 

destabilizing force that can induce thin film instability readily.
17

 Electrohydrodynamic 

patterning using electric fields has been utilized to form high aspect-ratio structures (e.g., 

pillars) out of molten polymer films or liquids with an air gap (or another polymer, e.g., 

polystyrene) sandwiched between two rigid electrodes.
17–23

 For example, a pattern formation 

induced by applying an electric field on a dielectric liquid-like film, as illustrated in Figure 

6.11. A strong electric field gradient forms across the dielectric medium to induce 

destabilizing electrostatic forces, which overcome the surface tension of the film to induce 

film undulations of a characteristic wavelength and its amplification between air and the 

polymer to form a 3D structure.
17
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Figure 6.11. a) Schematic depicting 3D structures induced by electric field at polymer/air 

single layer;
17

 b) schematic of 3D structures induced by electric field at polymer/polymer/air 

trilayer
18

 and SEM images of c) cage-type and d) column structures made of poly(methyl 

methacrylate) (PMMA) while removing PS by cyclohexane with electric field on 

PS/PMMA/air trilyer with different electrode set-up.
18,20

 

 

Hierarchical surface topography on polymeric substrates can be induced by 

superimposing thin-film instability with two distinct buckled mechanisms and topographies. 

While isotropic buckles form as a result of relaxation of compressive stresses due to the 

mismatch in thermal expansion between the capping metal and bottom substrate during 

heating, as discussed above, we propose that “e-field buckles” will be formed by electro-

hydrodynamic flow induced by electric field.  The arrangement will be such that the thermal 

buckles will be superimposed on top of the “e-field buckles”, which will have a larger 

wavelength than the thermal buckles.  One would expect that the AR will increase relative to 
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cases involving only thermal buckles due to concurrent relaxation of thermal and 

electromechanical stresses in the specimen.   

Electric field induced buckles have been reported earlier for gold/acrylate 

elastomer/ITO multilayers.
24,25

 Large wavelengths (10~30 µm) can be triggered, which 

depend on the thickness of the elastomer film.  The critical voltage needed to initiate the 

buckles, which varies from 60 to 950 V, depends on the thickness of the elastomer film.  

Here, we propose to use electric field in conjunction with thermal annealing in Al/PS bilayers 

to form buckles featuring multiple wavelengths.  The PS film serves as a liquid-like capacitor 

above Tg and the Al also functions as an electrode.  The buckles start to form when the 

sample is heated above Tg, and the buckles are expected to be amplified under the induced 

electric field gradient.   

6.5.2 Experimental 

As described in Figure 6.12, thermally isotropic buckles were first induced on Al/PS 

thin films. P-type silicon (100) with 150 nm of thermally-grown oxide layer forms the 

bottom substrate. The oxide layer acts as an insulating layer and avoids the breakdown of the 

polymer film and the electric shortage.  The substrates were cleaned in acetone and 

isopropanol sequentially by in 10 minute long ultrasonic treatment, followed by 10 minutes 

of ultraviolet ozone treatment. Polystyrene pellets (Mw = 230 kDa, Mn = 140 kDa) were 

dissolved in toluene to prepare polymer solutions of different concentrations. Filtered 

polystyrene thin films with different thicknesses were formed by spin-coating the solutions 

on silicon substrates (Table S1). The spin-coated films were annealed at 110 °C for 3 hours 

on a hotplate to remove any residual solvent.  Patterned Al films (50 and 100 nm), acting as 
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the top electrode (anode), were sputtered by DC Ar sputtering system (power =30 W) by 

using a homemade PDMS mask.  The base pressure of the chamber for sputtering was <1x10
-

5
 Torr and the pressure during the sputtering was 6 mTorr. The back side of the oxidized 

silicon was scratched by a diamond scriber to remove the oxide layers and create the back 

electrode (cathode).  Connecting wires were glued to the top and bottom electrodes by 

applying silver paint (Electron Microscopy Sciences). The sample was then placed on the 

hotstage, whose temperature and heating rate were controlled. The voltage was applied by 

Keithley 2400 source meter. The real-time investigation of buckling formation and 

amplification was observed under optical microscope through the open hole in the hot-stage.  

 

 

Figure 6.12. Experimental procedure leading to: (a) oxidizing and cleaning silicon 

substrates; (b) spin-coating PS films and annealing; (c) typical PDMS mask used for 

sputtering; (d) Al sputtering on masked PS films; (e) as-sputtered Al/PS/Si samples; and (f) 

assembling samples with the e-field connections. 
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6.5.3 Results and Discussion 

The Al/PS sample was heated at the rate of 5 °C/min without applying electric field, 

and isotropic buckles occurred at about 106 °C, close to Tg of polystyrene (≈100 °C).  Here, 

we call these isotropic buckles before applying e-field “thermal buckles” (Figure 6.13b) in 

order to differentiate them from buckles formed during the application of e-field (Figure 

6.13c). After reaching 170 °C, a constant electric field was applied on the sample to 

investigate the time evolution of e-field buckles under optical microscope (Figure 6.14). E-

field buckles are induced in 4 seconds under a e-field of ~35 V/µm. E-field buckles quickly 

grow and expand to the whole observed area within the first 2 minutes of annealing and e-

field treatment.  

E-field buckles have been studied on PS films with different thicknesses while 

keeping a constant e-field.  For thin PS films (thickness ~0.5 µm), e-field buckles have been 

observed only after a long annealing time (~ 7 hrs) as shown in Figure 6.15a, b.  When using 

thicker PS films (thickness ~5 µm) the e-field buckles developed faster (~2 minutes). The 

absence of e-field buckles for thin PS film can be explained by insufficient amount of PS to 

induce e-field buckles. As shown by typical line scans for both thermal buckles and e-field 

buckles in Figure 6.15c, d, the wavelength of e-field buckles is about one order of magnitude 

larger than that of thermal buckles; and amplitude (height in the Figure 6.15c,d) of e-field 

buckles is about two orders of magnitude higher than that of thermal buckles. Therefore, 

enhanced AR can be achieved by applying e-field as we described.  
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Figure 6.13. Schematic of the experimental set-up: (a) original planar Al/PS thin films on 

silicon substrate with thermal oxide layer; (b) thermal buckles (λ1) formed via heating the 

sample on the hot-stage without e-field; and (c) e-field buckles (λ2) formed by applying e-

field. 
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Figure 6.14. Time evolution of buckles grown under a constant voltage (175 V) for a sample 

of Al (50 nm)/PS (5 um). The scale bar is 500 µm.  
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Figure 6.15. Optical microscopy images of buckle topographies from samples with different 

PS thicknesses by applying e-field (~35 V/µm): (a) 0.5 µm thick PS film after 7 hours and 

(b) 5 µm thick PS film after 1 minute. The inset images are initial thermal buckles.  The Al 

film thickness is 50 nm. The scale bars are 500 µm.  Typical profilometry line scans for (c) 

thermal buckles on 0.5 µm thick PS film and (b) e-field buckled on 5 µm thick PS film.  

 

6.6 Summary 

We studied isotropic buckling in metal (or oxide)/PS laminates resting on flat solid 

substrates.  We established that the wavelength and amplitude of the buckles can be 

controlled by varying the thicknesses of the metal (or oxide) and PS films.  The major 

finding of this study is that complex buckles with high aspect ratios can be generated by 

applying electric field across the metal(or oxide)/PS laminates.  Further research aiming at 

establishing the contribution of the thicknesses of the top and PS layers, strength of electric 

fields and other processing conditions to the morphology development is needed.   
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Supporting Information 

 

 

Figure S6.1. Film thickness as a function of the concentration of polystyrene stock solution 

(wt%) in toluene and spin speed for coating process based on (a) results from 

literature;
26

open circles represent 0.5 wt%; open square 1 wt%; open diamond 2 wt%; “X” 

represents 4 wt%; “+” represents 6 wt%; open triangle represents 8 wt%; solid circles 

represent 10 wt%; solid squares represent 15 wt%; solid diamond represent 20 wt% and solid 

triangles represent 30 wt%, and (b) our experimental results.
14

  

 

 

Table S6.1.  Spin conditions used to spin-coat PS films in our experiment.  

PS concentration 

in toluene (wt%) 

Film thickness 

(µm) 

Spin speed 

(rpm) 

Spin time 

(s) 

2 0.15 1000 30 

4 0.37 1000 30 

6 0.65 1000 30 

8 1 1500 60 

10 1.6 1500 60 

12 2.1 1500 60 

15 3.2 1500 60 

18 4.5 1500 60 

20 5.5 1500 60 

2 0.2 500 30 

4 0.53 500 30 

(Italic data is not included in Figure S6.1). 
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Figure S6.2. Real-time investigation of isotropic buckles based on ITO (40 nm)/PS (500 nm) 

bilayer on a silicon substrate. The buckles start to grow around temperature of 107 °C, and 

then fully grow on the show surface and remain when the sample is cooled down. ITO thin 

film is deposited by 20W RF sputtering with 4 mTor process pressure. The sample is heated 

in the hot-stage with the heating rate of 10 °C/min from room temperature to 120 °C. The 

scale bar is 100 µm. 
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CHAPTER 7 

Summary and Future Outlook 

  



 

 

167 

7.1 Summary 

This dissertation describes the shape programming of stimuli-responsive 2D polymeric 

materials to convert them from 2D planar forms to 3D shapes. As illustrated in Figure 1.1 in 

Chapter 1, the work presented here can be categorized into two broad categories: 1) using 2D 

planar geometries to achieve out-of-plane folding, bending, or rolling by employing “hinges” 

or managing strain; and 2) inducing surface topographies on 2D sheets.  The general premise 

that shape defines the function for many materials motivates this work.  In addition, 2D 

patterning techniques can be efficiently employed as high throughput manufacturing 

processes (e.g., semiconductor processing). Specifically, in this Ph.D. dissertation we discuss 

several self-folding strategies used to generate pre-programmed 3D structures and describe 

the formation of buckled surface topographies in 2D sheets. 

Self-folding is a deterministic self-assembly approach that causes a 2D template with 

pre-defined hinges to fold into 3D shapes by employing external stimuli.  There is increased 

interest in numerous emerging applications involving actuation, packaging, and 

reconfigurable devices that utilize self-folding by employing a variety of different driving 

forces and active materials.  Compared with common design methods for self-folding, which 

require multistep complex fabrication procedures or pre-programming, we developed a 

simple, responsive approach to realize self-folding of homogeneous pre-strained polymer 

sheets by employing conventional 2D printing methods.  Our approach uses a desktop printer 

to pattern ink as hinges that locally absorb light from a uniform light source and convert it to 

heat. This heat causes a local relaxation in the pre-strained sheets and induces folding. 

Various 3D structures can be manufactured with this method by choosing an appropriate 
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combination of inked pattern, line width, light source, and support temperature.  It was 

demonstrated that the onset time of folding decreases and the maximum bending angle 

increases with increasing hinge width or support temperature. A model based on heat transfer 

captures effectively the time scale of the onset of folding as well as the bending angle 

measured experimentally.  

The out-of-plane folding of pre-strained polymer sheets relies on a temperature 

gradient that causes the strain in the sheet to recover non-uniformly across the sheet 

thickness. The study of uniform shrinkage of flat pre-strained polymer sheets at constant 

temperatures and constant heating rates provides a simple geometric model that relates the 

bending angle to the uniform shrinkage and width of the hinges printed by desktop printer on 

the sheet. The appeal of this work is that it correlates the folding dynamics with macroscopic 

shrinkage behavior of these polymer sheets without the need of detailed understanding of 

thermo-mechanical properties of the polymer.  

To extend this preliminary work on self-folding to different light sources and ink 

absorbers, we studied the effect of the ink type and the source of light by printing inks with 

different widths and colors and by utilizing various light sources (i.e., IR, halogen, and LED).  

The application of LED sources is novel and exciting because the light absorption (and thus 

the hinge response) can be tailored by utilizing hinges with different colors and widths.  

Moreover, unlike IR or halogen light, the LED-triggered folding does not suffer from 

distortion of the plain sheet during folding because the non-patterned polymer does not 

absorb significant light in visible wavelengths used.  Selective absorption of the LED light of 

a given wavelength by the hinges featuring different colors facilitates sequential self-folding.  
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To this end, varying the color of the hinge and the wavelength of the LED light source 

enables sequential self-folding.  The ability to program folding pathways by employing 

various LED sources and hinges of different colors (and width) can potentially be utilized in 

fabricating grippers and actuators, and can be employed in realizing complex origami 

structures. 

In addition, we demonstrated that hinge-free folding can be accomplished by utilizing 

a focused laser beam that initiates the folding mechanism in planar polymer sheets. The key 

process parameters that govern folding in this case involve laser power, power intensity, and 

beam width. It was found that folding occurs only above a certain laser power threshold 

required to compensate for the heat loss to the material outside of the focused laser beam. 

This appealing approach requires no patterning of pre-defined hinges, the folding can be 

scalable and compatible with high throughput processing, and diverse patterns can be 

programmed by choosing the appropriate scanning path of the laser.  

Buckling (or “wrinkling”) is a common phenomenon found in nature.
  

Buckled 

surfaces typically form when a thin rigid film is placed on top of a thick elastic substrate and 

the bilayered laminate is exposed to an external stress (thermal expansion or mechanical 

stretching).  Tailoring surface topography (either uni-directional or isotropic) by invoking 

buckling instabilities is appealing for many applications such as anti-fouling coatings, 

microfluidic devices, reversible adhesive surfaces, optical sensors, and many others.  The 

formation of buckles was studied using various metal top films (e.g., Al, ITO) and support 

substrates (e.g., PDMS, polystyrene) to investigate the impact of thicknesses of the two films 

on buckle wavelengths and amplitudes. Motivated by the promising means of increasing light 
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trapping in “rough” surfaces and thus improving the performance of organic photovoltaic 

(OPV) devices based on buckled substrates, we demonstrated an increase in efficiency for 

OPV devices built on buckled substrates and identified challenges associated with making 

buckled surfaces with high aspect ratio (defined as the ratio of the buckle amplitude and 

buckle wavelength). We explored several strategies to enhance the aspect ratio for isotropic 

buckles.  Preliminary results pertaining show that the application of an electric field during 

thermal annealing of the bilayered metal(oxide)/polymer laminates amplifies the extent of 

buckling instabilities (and ultimately increasing the aspect ratio) of isotropic buckles.  

 

7.2 Future Outlook  

This dissertation describes two simple approaches to convert planar sheets to 3D shapes and 

surface topography, self-folding and buckles formation.  

Implementation of self-folding is challenged by the complexity of fabrication, and the 

response time for self-folding. The approach developed in Chapter 2 is distinguished by its 

simplicity and the ability to convert 2D templates to diverse 3D geometries in a fast manner 

using inexpensive homogeneous polymer sheets and a standard desktop printer.  

This simple method developed for self-folding outlined in Chapter 2 can be extended 

to other materials or mechanism utilizing different light sources, different ink absorbers, 

various film thicknesses, and pre-strained polymer sheets with different chemical 

compositions, different degrees of pre-strain, or with different glass transition temperatures.  

Chapters 4 and 5 discussed the use of focused laser or LEDs possible light sources to induce 

self-folding.  Self-folding was demonstrated using hinges with color inks and different 
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percentages of greyscales.  To extend the usefulness of the self-folding mechanism described, 

future work should consider utilizing different polymer materials with different initial strain 

states (e.g. degree of pre-strain or strain homogeneity) and material thicknesses.  For 

example, large bending angles can be readily achieved when using thin pre-strained sheets 

and high degree of pre-programmed strain.  Tailoring those attributes can offer much more 

freedom and control in achieving self-folding. Although we focus on thermal actuation 

solely, various other stimuli such as Joule-heating, microwave heating, or solvent swelling 

can be explored for self-folding of pre-strained polymer sheets. 

Another major challenge in self-folding research is associated with the control of 

folding/unfolding pathways which can lead to sequential/programmed folding. Chapter 5 

demonstrated sequential self-folding employing various color inks or different percentage of 

greyscales. This feature can be further enhanced by employing alternative heat sources (e.g., 

LEDs with different wavelength) with sufficient power and large uniform irradiation area to 

generate complex geometries utilizing sequential folding.  

Obtaining folded geometries in high fidelity (i.e., with few defects such as 

overfolding or underfolding) also presents unique challenges. Some control can be achieved 

by adjusting the properties of the hinges (i.e., color and width).  Utilizing sequential folding 

can be beneficial in this respect as one could, in principle, alleviate issues associated with 

preferential folding at vertices that governs concurrent/simultaneous folding.   By 

programing the times scales and degree of folding by invoking the aforementioned principle 

of sequential folding it should be capable of producing complex 3D patterns.  
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A more thorough understanding of microscopic thermo-rheological properties of 

polymer sheets and the impact on the folding mechanism is also needed. A model featuring 

finite element analysis in conjunction with detailed rheological characteristics of polymer 

sheets (including temperature and frequency dependence of the storage and loss moduli) will 

help extend this study beyond the simple (albeit quite effective) macroscopic geometric 

model of folding.  The combination of finite element computer simulations with 

experimental results will thus provide a new comprehensive insight that can be employed in 

designing the 2D patterns that lead to desired 3D shapes. 

As for the second strategy of employing buckled topographies in 2D sheets, control of 

the characteristics of wrinkles has been well studied in preceding work. One challenge 

associated with buckled surface is better control of the aspect ratios. This Ph.D. dissertation 

has offered one unconventional method leading to the enhancement of the aspect ratio of the 

buckles by employing electro-dynamic forces acting during thermal annealing of polymer 

sheets.  It has been documented that this method results in multi-scale buckled topographies 

featuring thermal buckles resting on top of electro-hydrodynamically formed buckles. While 

the preliminary results described in this dissertation are promising, one needs to better 

characterize the length scales and orientations of the resulting topography and address the 

interplay between the two patterns by fine-tuning the processing conditions (i.e., temperature, 

films thicknesses, applied voltage, etc).   

Selection of the ideal base polymer and corresponding processing conditions for this 

method presents another challenge. For example, applying PS as the base layer requires 

annealing temperatures around 100 °C, a temperature that may be too high for preparing 
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OPV devices because some organic molecules employed in the manufacturing process may 

degrade under those conditions. Therefore, polymer substrates with lower glass transition 

temperature are desired in some cases.   

A thorough comprehension of the materials and stimuli strategies to convert 2D 

planar sheets to 3D shapes or 2D plane with surface topography is highly desired because 

those fundamental studies can eventually provide a practical guide to the manufacture of 

reconfigurable or adaptive electronic or optical devices with predictable and controllable 

function transformation. Although our initial efforts demonstrated the possibility of 

constructing self-folding origami microstrip antennas,
1
 different types of functional devices 

utilizing self-folding or spontaneous buckling formation should be further explored as a 

potential future goal. 

 

1. Hayes. G.J., Liu Y., Genzer J., Lazzi G., Dickey M.D., IEEE Transactions on Antennas & 

Porpagation, submitted.  
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Appendix A 

Fabrication of Organic Photovoltaics (OPV) on Buckled Substrate 

Introduction to OPV and Light Harvesting in OPV 

The development of clean, renewable sources of energy is important for national 

security, economic growth, and environment protection due to increasing concern regarding 

energy derived from fossil fuels.
1
 Photovoltaic (PV) technology, which transforms solar 

energy into electric power, is a particularly attractive source of clean energy because of the 

amount of energy provided by the sun (≈1000  /m
2 

at the surface of the earth at the 

equator).
2-4

 

E. Becquerel firstly reported the PV effect in 1839, but it was not materialized into a 

commercial device until the 1950s.
2
 The principle behind the PV effect is simple: when the 

energy of an incident photon (hν) is larger than the band gap energy of the semiconductor, 

the photon can generate a positive charge (hole, h) and negative charge (electron, e) pair, 

called an h-e pair. To generate a photocurrent, the hole and the electron must be separated 

and transported to two opposite electrodes driven by an internal electric field.
 5

  

Organic photovoltaics (OPVs) use typically small dye molecules or semiconductor 

polymers.
 3 

Photogeneration in OPVs produces excitons (mobile excited states) at the site of 

the electron donor (a molecular species that donates electrons), 
3,6

 as shown in Figure A.1. 

Excitons can be separated into holes and electrons at a heterojunction, which is the interface 

between two semiconductor materials with different electron affinities and band gaps. Upon 

separation, free holes and electrons can be transported to opposite electrodes to generate 

photocurrent. 
2
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Figure A.1. Schematic of photocurrent generation in an OPV.
8
 (a) photon absorption; (b) 

exciton diffusion; (c) separation of an exciton at heterojunction and (d) transport of charge 

carriers (electrons and holes). 

 

Compared to inorganic PVs, OPVs are attractive because they are, in principle, 

inexpensive, light-weight and compatible with high throughput processing on flexible plastic 

substrates.
3,8,9,10

 OPVs are expected to be low-cost because the organic materials can be 

deposited at room temperature using high throughput roll-to-roll processing.
 11,12

 Because the 

processing temperature for the deposition methods is low, OPVs are compatible with plastic 

substrates for flexible devices.
3
 In addition, polymers typically have high optical absorption 

coefficients (~10
5
 cm

-1
) due to the strong π-π

*
 optical transition, which makes it possible to 

produce thin-film PV devices (several hundred nanometers thick).
3,8

 These light-weight and 

flexible devices are cost-effective for installation.
 3,8 

Ideal solar cells absorb all incident light and convert that energy into two opposite 

and completely-separated charges. Although light absorption can be enhanced by increasing 

the thickness of the active layer, the efficiency will decrease. The exciton diffusion length 

characterizes the distance that the exciton can travel before it undergoes recombination. The 
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exciton diffusion length (3-10 nm) is typically smaller than the thickness of the active layer. 

8,13 
Therefore, thick active layers intending to increase light absorption can have the 

unintended consequence of increasing exciton recombination.
8,14

 After the charge carriers 

(holes and electrons) separate at the heterojunction, holes and electrons transport to opposite 

electrodes through the electron donor and acceptor, respectively.
3,13 

Thus, the mobility of 

charge carriers should be sufficiently large to transport charge carriers before recombination. 

This mobility (10
-7

-10
-3 

cm
2
/Vs) 

3,13,15 
in conjugated polymers is several orders of magnitude 

lower than that in inorganic materials such as silicon (~10
3
 cm

2
/Vs).

16
 The thicker active 

layer, therefore, increases the possibility of the recombination between electrons and holes. 

In addition, because the mobility of holes is lower than that of electrons, holes are removed 

from the device at a slower rate than electrons, which causes a build-up of a field in the 

device that reduces charge separation and thus efficiency.
13,17

 This so-called “space-charge 

limited photocurrent” is particularly problematic in thick devices.
 13,17 

Therefore, while thick 

active layers increase light absorption, they do not increase the efficiency. The goal of this 

project is to increase light absorption of thin active layer. 

Investigating novel architectures to enhance light trapping is a valuable and 

promising approach to improve the efficiency of OPVs and is the focus of this research 

project. Architectures for light trapping based on surface topography such as periodic 

texturing,
18,19

 scattering elements,
19,20

 photonic crystal geometry
21

 and stamping
22,23 

have 

been studied to increase optical absorption of PV devices (Figure A.2). For example, 

Tvingstedt et al.
 20

 investigated enhanced light trapping by a lambertian light scatterer for the 

OPV device and a backscattering reflector by separating the lambertian structure from the 
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active layer with a PDMS optical spacer. A 3-fold enhancement of the absorption in the 

active layer with a photonic crystal nanostructure has been reported.
 21

  Increased efficiency 

of OPVs by forming patterns of 1D and 2D surface relief gratings on the active layer has also 

been found.
 22

  However, the major limitation of all these designs is the additional cost or 

complexity for fabrication of this periodic or ordered structure. Structuring V-shaped (or W-

shaped) thin-film OPV devices on a length scale much larger than the thickness of the active 

area have been investigated to obtain increase of 50% in efficiency as well.
24-26

 V-shape 

folding of the substrate, however, occupies a large volume (as opposed to a macroscopically 

flat substrate) and folding the devices into the V-shape is tedious relative to the approach we 

propose. 

 

 
 

Figure A.2. Previous work on light trapping in OPVs based on a) microprism;
18

 b) 

lambertian light scatterer;
20  

c) V-shaped/W-shaped configuration
24

 and d) surface relief 

gratings pattern.
22
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Here we propose to develop a simple method of forming this architecture by using 

topographically-buckled surfaces in response to an external trigger (heating). Our method can 

be distinguished by its simplicity and the fact that it is compatible with planar processing 

(e.g., spin coating, vapor deposition). 

 

Fabrication of Planar Organic Photovoltaics (OPV) 

We developed a process for fabricating planar OPVs on regular indium tin oxide 

(ITO)/glass substrates to achieve reliable efficiencies.  Establishing this process is the first 

step toward comparing the performance of planar devices with those built on topographic 

structures. Most common OPV materials (P3HT and PCBM) were used for our planar device 

fabrication. 
27,28

 

OPVs based on As-Sputtered ITO 

Rather than using commercial ITO/glass as in most OPV devices, the ITO bottom 

electrode was deposited by radio frequency (RF) magnetron sputtering. Establishing a 

baseline process using deposited ITO is important since we will ultimately use 

unconventional substrates. We therefore cannot purchase these substrates with ITO coatings.  

Commercial ITO is crystalline and has optimized optical and electrical properties.
29

 

In contrast to commercial ITO, the as-sputtered ITO is amorphous. It cannot be crystalline by 

annealing because the bottom electrode will be deposited on customized polymer substrates 

such as PS and epoxy replicas that cannot afford high-temperature annealing (300 °C) 
29

 due 

to thermal degradation. Therefore, the sheet resistance of amorphous ITO deposited on a 
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polymer substrate is usually relatively high relative to those that are annealed.
29-31

 The 

properties of as-sputtered ITO were compared with commercial/annealed ITO (Table A.1).  

Although the optical transmission (Figure A.3) of the as-sputtered ITO (280 nm) is 

slightly lower than that of commercial ITO (280 nm) (Thin Film Devices Inc.) across most 

wavelengths; the average transmission of as-sputtered ITO is comparable to commercial ITO 

between 400 nm and 650 nm, which is the absorption range for P3HT,
28,32 

and these two 

types of ITO have same peak transmission (Table A.1).  

The surface of the as-sputtered ITO is smooth just like a commercial ITO. However, 

the sheet resistance of as-sputtered ITO is higher than of the commercial ITO, which can be 

attributed to the amorphous structure of the as-sputtered ITO compared to the crystalline 

nature of the commercial ITO.
30

 X-ray diffraction (XRD) results also show the crystallization 

of commercial ITO and the amorphous ITO in as-sputtered samples (Figure A.4). 

 

Table A.1. Transmission, sheet resistance and roughness of as-sputtered and commercial 

ITO. 

ITO types 

Transmission ( 400 - 

650 nm/peak at 535 

nm) 

Sheet 

Resistance 

(Ω/sq) 

Resistivity     

(Ω cm) 

Roughness    

(RMS, nm) 

As-sputtered 

ITO 
77%/91% 30-50 8.4-14.0x10

-4
 0.3 

Commercial 

ITO 
83%/91% 8-10 2.2-2.8x10

-4
 1.5 
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Figure A.3. Similar transmission spectra of as-sputtered ITO/glass compared with that of 

commercial ITO/glass in the range from 400 nm to 650 nm. 
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Figure A.4. Amorphous as-sputtered ITO and crystalline commercial ITO from XRD 

profiles. 
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As-sputtered ITO is of sufficient quality to fabricate devices based on its optical 

transmission and surface roughness (compared with the commercial ITO). The performance 

of the homemade device (i.e., on as-sputtered ITO) was compared with the reference device 

fabricated using a commercial ITO. The device layouts are shown in Figure A.5a, b.  A 

representative I-V curve is plotted in Figure A.6. The homemade device has a higher series 

resistance than the reference device, as estimated from the slope of dark curves at open-

circuit voltage.
33

 Moreover, the fill factor for the homemade device is much lower. The 

resistance of ITO plays a crucial role in controlling the series resistance of the device. 
34,35

 

Series resistance contributes considerably to the fill factor of the solar cells and, hence, their 

overall efficiency.
33,36  

The fairly large active area (0.20 cm
2
) used for the device is not 

desirable for low-conductive ITO substrate since the resistance of the ITO dominates the 

series resistance of a large area device with low-conductivity ITO.
34,35

 A small active area 

(0.01 cm
2
) is desired for our homemade ITO, which has higher resistance than that of 

commercial ITO. 
35

  

 

 
 

Figure A.5. Photographs of reference device layouts on a) commercial ITO; b) homemade 

device on as-sputtered ITO with large active area and c) homemade device on as-sputtered 

ITO with small active area. The substrates are 1x1 inch
2
.  
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Figure A.6. Current density-voltage curves for the reference device and the homemade 

device. Reference device: Voc=0.42 V; Jsc=6.36 mA/cm
2
; PCE=1.18%; FF=0.45. Homemade 

device: Voc=0.40 V; Jsc=4.80 mA/cm
2
; PCE=0.65%; FF=0.34. 

 

Effect of Small Active Area and Post-Annealing on Device Performance 

The homemade device with a small active area was fabricated on as-sputtered 

ITO/glass substrate, and the device layout is shown in Figure A5c. The active area (1.5-2 

mm
2
) of each device was measured under an optical microscope. The fill factor of device 

with a small active area (Table A.2) increased significantly compared with that of device 

with a large active area, which is consistent with literature report.
33,34

 

The device with a small active area still showed an efficiency <1%, which is 

significantly lower than the literature values (Table A.2). In addition, the efficiency on the 

same substrate varied from device to device.  

Post-annealing is a critical step for improving the device efficiency. The bicontinuous 

inter-penetrating network of P3HT:PCBM is very sensitive to thermal annealing. Post-
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annealing after top electrode deposition improves current density and the fill factor due to 

changes in the P3HT:PCBM interface with the top electrode.
27,37

 Kim et al. 
38

 reported that 

the efficiency of the device with post-annealing at 150 ºC increases to 3.0%, compared with 

the efficiency (1.6%) of the device with pre-annealing at 150 ºC, and the efficiency (0.5%) 

without any annealing. The researchers found that Al inter-diffusion increases during post-

annealing and that the presence of Al during the annealing impedes the growth of P3HT 

crystals near the surface. 
38

 

Therefore, all planar devices were post-annealed after Al electrode deposition. 

Homemade device with a small active area and post-annealing has almost twice the current 

density and efficiency of homemade device without post-annealing, as shown in Table A.2 

and in I-V curves in Figure A.7.  

 

Table A.2. Short-circuit current densities (Jsc), fill factors (FF), open circuit voltages (Voc) 

and efficiencies of OPV based on P3HT:PCBM blends with and without post-annealing and 

with different active areas. 

 

Active area 
Post-

annealing 
Jsc (mA/cm

2
) FF Voc (V) PCE (%) 

Large N 3.54±1.30 0.26±0.02 0.47±0.11 0.46±0.21 

Small N 2.38±0.94 0.45±0.12 0.54±0.09 0.54±0.18 

Small Y 4.78±0.75 0.46±0.10 0.57±0.05 1.28±0.47 
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Figure A.7. Current density-voltage curves for device without post-annealing (left) and with 

post-annealing (right). 

 

Device Cast from Varying Concentrations and Different Solvents 

The device efficiency has been increased significantly by post-annealing. However, 

as shown in Figure A.8, the non-uniform film quality with many defects in the P3HT:PCBM 

film leads to inconsistent device efficiency. For example, the efficiency standard deviation 

for device with the small active area and post-annealing is about 37% of the average (Table 

A.2).  

High concentration of mixed solution and high spin speed lead to films with much 

better uniformity (Figure A.8). Therefore, we studied devices based on different 

concentrations of P3HT:PCBM solutions and with approximately the same thickness of 

P3HT:PCBM at different spin speeds (Table A.3).  

As for devices with a high concentration solution (20 mg/ml P3HT), the device with 

shorter spin-coating time  shows a much higher efficiency due to a shorter spin time, hence, a 

slower solvent annealing.
39-41 

The fact that the efficiencies of devices with a high 
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concentration solution were still lower than the device with a low concentration solution 

implies the necessary optimization of spin coating conditions for high concentration blend. 

 

 

Figure A.8. Photographs of P3HT:PCBM films cast from different concentrations: a) 10:8 

mg/ml P3HT:PCBM solution, spin speed is 600 rpm for 60 sec and b) 20:16 mg/ml 

P3HT:PCBM solution spin speed is 2000 rpm for 60 sec. 

 

 

Table A.3. Short-circuit current densities (Jsc), fill factors (FF), open circuit voltages (Voc) 

and efficiencies of OPV based on solutions with different concentrations.  

 

P3HT:PCBM 

concentration 

(mg/ml) 

Spin 

condition 

(rpm/sec) 

Jsc 

(mA/cm
2
) 

FF Voc (V) PCE (%) 

10:8 600/60 7.77±0.54 0.47±0.02 0.61±0.00 2.25±0.24 

20:16 2000/60 5.17±0.76 0.36±0.06 0.49±0.01 0.92±0.25 

20:16 2000/20 6.64±0.87 0.44±0.05 0.59±0.01 1.75±0.34 

 

All devices discussed above were fabricated by using 1,2-dichlorobenzene (ODCB) 

as the solvent for P3HT:PCBM. However, cholorobenzene (CB) is an even more popular 

solvent used in OPV fabrication.
27,32,42

 There is no confident conclusion that CB works better 

than ODCB, and based on literature work, the device performances from these two solvents 

are comparable.
27,28

 We found the film cast from CB to produce the P3HT:PCBM films 
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comparable to the films cast from high concentration in ODCB that has less defects, resulting 

in an efficiency that is more consistent than devices from ODCB. Current density was 

7.28±0.31 mA/cm
2
, the open-circuit voltage was 0.59±0.01 V, fill factor was 0.45±0.02 and 

the efficiency was 1.93±0.11%. Devices with efficiencies of 2% can be obtained when cast 

from CB with efficiency standard deviation of the average around 5%.  

Effect of the Device Layout on Measurement Accuracy 

Efforts focused on improving consistency of the efficiency by optimizing the 

fabrication conditions but also to study the device layout to assure accurate measurement. 

Devices with two types of layouts were tested to examine the different current 

densities (Figure A.9). The device with crossed layout had P3HT:PCBM and PEDOT:PSS 

films spin-coated across the entire surface, while the device with central layout had polymer 

films only on the overlapping area between ITO and Al electrodes. The I-V measurement 

was operated in two modes: 1) the light passed through a mask that leaves only one cell 

exposed to the light at a time and 2) the light passed across the entire surface so all six 

devices were exposed to the light at the same time. The set-up is shown in Figure A.10.  

 

 

Figure A.9. Photographs of different device layouts: a) crossed layout and b) central layout. 
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Figure A.10. Schematic of the set up for I-V measurement through a mask. 

 

The device performance is summarized in Table A.4. The device with central layout 

shows similar current densities in both measurement modes. However, the device with 

crossed layout shows extra current when measurement is done without the mask. As shown 

in Figure A.9, the presence of this extra current can be explained by the pseudo active area 

(region II) among the unscratched PEDOT:PSS (conductive polymer performing as anode 

electrode), P3HT:PCBM film and Al electrode pad.
43

 Region I is nominal active area. Region 

III of ITO/PEDOT:PSS/P3HT:PCBM overlap is where the extra current can be ignored due 

to the missing electrode.
43

 Therefore, to fabricate the device, the PEDOT:PSS and 

P3HT:PCBM films should be removed under Al electrode pad as central layout rather than 

crossed layout to avoid extra current from region II. 

 

Table A.4. Short-circuit current densities, open-circuit voltages, fill factors and efficiencies 

for devices with different device layouts. 

Layout 
Measure 

method 
Jsc (mA/cm

2
) Voc (V) FF PCE (%) 

Crossed Mask 6.34±2.07 0.40±0.02 0.28±0.01 0.71±0.25 

Crossed - 10.15±3.03 0.42±0.02 0.26±0.00 1.11±0.35 

Central Mask 5.38±0.60 0.47±0.02 0.32±0.03 0.80±0.14 

Central - 5.51±0.97 0.48±0.01 0.30±0.03 0.78±0.12 
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OPV Based on Buckles Topography  

The commonly applied transparent electrode such as ITO and top electrode such as 

Al have been studied to demonstrate the compatibility of forming buckles on top of the PS 

layer. Moreover, planar OPVs following conventional and popular methods were fabricated 

to obtain reliable efficiencies. Devices with different active areas, annealing methods and 

solution preparations were made to study the important factors that influence device 

efficiency. Planar OPVs with small active area and post-annealing show reliable ≈2% 

efficiency.  

Under the cooperated work with Material Science at NC State and RTI, we used the 

same method to fabricate OPV on buckled PS structures. OPVs (ITO/CuPc/C60/BCP/Al/Ag) 

on buckled PS/glass substrate were fabricated by Ethan Klem and Jay Lewis (RTI).  Buckles 

were formed after annealing of ITO (200 nm)/PS (1.5 µm)/glass layer at the temperature of 

120 °C. The total area of this device is 2” x 2”. Figure A.11a shows a profilometery scan of 

a representative substrate: isotropic buckles with a characteristic wavelength (~14 µm).  

CuPC (20 nm)/C60 (40 nm)/BCP (12 nm) layers were thermally evaporated on the buckled 

surface. The increased light absorption based on buckled surface was tested by comparing the 

reflectance of buckled absorbing layer with that of the planar layer (Figure A.11b).  The 

light absorption is enhanced ~10% between 500 nm and 550 nm, while is enhanced 2~3% 

between 600 nm and 700 nm. The absorbance peaks characteristic of CuPc and C60 are 

evident at the expected wavelengths of ~450, 625, and 700 nm.
44

 The built best device on 

buckled surface shows ~20% increase in efficiency and ~50% increase in current density, as 

shown in Figure A.12.  
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Figure A.11. (a) Profilometer scan images (3D and 2D) show the representative buckled 

surface of ITO/PS films; (b) Reflectances relative to Al reference for planar and buckled 

CuPc/C60 absorbing layer; and (c) Photograph of light scattering through buckled ITO/PS 

substrate from a red laser point.
45
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Figure A.12. Current density-voltage curves for planar and buckled devices. Planer device: 

Voc=0.46 V; Jsc=7 µA/cm
2
; PCE=1.89%; FF=0.569. Buckled device: Voc=0.46 V; Jsc=11 

µA/cm
2
; PCE=2.2%; FF=0.425. (Credit: Ethan Klem and Jay Lewis) 
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Appendix B 

Additional Experiment Details 

PDMS curing - Mixing components from a commercial two-component kit 

(Sylgard
®
-184) produced PDMS networks. The elastomeric base and curing agents (10:1 

mass ratio) were mixed thoroughly for about 60 seconds. The mixture was degassed in a 

desiccator under mild vacuum until all bubbles in the mixture were completely removed. The 

degassed PDMS casting solution was poured into a Petri-dish and cured in an oven (60 ˚C) 

overnight. The thickness of the PDMS sheet depends on the amount of casting solution and 

the volume of the Petri-dish. After curing, sections of PDMS were produced by cutting the 

PDMS sheet with a razor blade.  

ITO sputtering on pre-stretched PDMS - an ITO film was deposited onto pre-

stretched PDMS sheet (1 mm, ε ≈ 10%) by direct current (DC) sputtering. The 2x1/4” IT  

target used was 90% In2O3 with 10% SnO2 (99.99% purity, Kurt J. Lesker Company). The 

applied DC power was 10 W during sputtering. The distance between the sample and the 

target was 9.8 cm. The process pressure was 4 mTorr. At these conditions, sputtering for 10 

min yielded a 40 nm thick ITO film. After ITO deposition, the strain was slowly released by 

manually rotating the shaft of the stretcher.  

ITO/PS bilayer preparation - Polystyrene (Aldrich) used in this study has a 

number-average molecular weight (Mn) and weight-average molecular weight (Mw) of 140 

kDa and 230 kDa, respectively, and Tg of 94 °C. PS films were spin-coated on pre-cleaned 

and UVO treated Si wafers at 500 rpm for 30 seconds from PS solution in toluene. ITO was 

then deposited onto the dried PS film on Si. The ITO sputtering conditions were the same as 
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described above, except the process pressure was 10 mTorr. Sputtering for 10 min yielded a 

40 nm ITO film. The sample was then annealed at 120 °C for 30 min in a vacuum oven.  

As-sputtered ITO for planar devices - The ITO bottom electrode was deposited on 

1x1 inch
2
 boro-aluminosilicate glass (Delta’s technology Limited) by radio frequency (RF) 

magnetron sputtering. The sputter system included a sputter chamber and a load lock 

chamber. The power was 30 W constantly during sputtering. The distance between the 

sample and the target was 8 cm. The base pressure of sputtering was 1.6x10
-6

 Torr and 

process pressure was 4 mTorr. Sputtering for 40min gave a 280 nm thick ITO film.  

OPVs fabrication - As-sputtered ITO/glass substrates were cleaned by soaking in 

acetone and isopropanol (IPA) respectively for 10 min during sonication, followed by UVO 

treatment (10 min) immediately before spin-coating of poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) PEDOT:PSS (high conductive grade, Sigma-Aldrich). PEDOT:PSS 

was diluted by deionized water at a mass ratio of 1:1.3, followed by filtering using 0.45 µm 

filters to remove large aggregates and impurities. PEDOT:PSS was spin-coated at 4000 rpm 

for 40 seconds on pre-cleaned ITO/glass substrates and was then annealed at 60 ºC in a 

vacuum oven for 1 hour to remove the water content.  

The P3HT:PCBM ratio for the mixed solution was 1:0.8 with a concentration of 10 

mg/ml P3HT solution in 1,2-dichlorobenzene (ODCB). The mixed solution was stirred 

overnight. The solution was spin-coated onto PEDOT:PSS/ITO substrates at 600 rpm for 60 

seconds. The P3HT:PCBM film thicknesses were around 100 nm. The mixing procedure 

described above was performed in a nitrogen-filled glove box. The devices were dried slowly 

for 20 min in a glass Petri-dish and were then pre-annealed on hotplate at 110 ºC for 10 min. 
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The samples were then ready for Al deposition. Al electrodes were deposited by thermal 

evaporation at about 9x10
-7

 Torr base pressure. Al electrode thickness was about 40 nm after 

a 20 min deposition. Devices were post-annealed after Al electrode deposition at 150 ºC for 

15 min on the hotplate in the glove box. 

The completed device was taken out of the glove box for current-voltage 

measurements. After calibration with a silicon reference cell, the current was measured under 

voltage sweeping with a Keithley 2400 source meter.  

 The devices cast from CB were also prepared. The P3HT:PCBM ratio for the mixed 

solution was 1:1 with a concentration of 10mg/ml P3HT solution in CB. The mixed solution 

was stirred at 60 °C overnight. The solution was coated on the PEDOT:PSS/ITO substrate at 

1000 rpm for 60 seconds. The P3HT:PCBM film thicknesses were ≈ 100 nm. All other 

operations were the same as in the fabrication of the device based on DOCB. 

As for the study of measurement accuracy on different layouts, the devices were cast 

from CB and treated only by post-annealing (no pre-annealing). 

As for the devices on flat epoxy, epoxy replica and glass, 120 °C for 20min was used 

instead of 150 °C for 15 min for post-annealing. 

 


