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Abstract
Integrating diverse functions inside man-made parts with specific shapes, in a highly
scalable manner, is the broad challenge in manufacturing. Functional integration
is typically achieved by assembling specialized parts, each independently made using carefully designed production techniques - for example, in assembly lines in the
automotive industry. This approach of external assembly of specialized parts is tedious at certain length scales (e.g. mesoscale manufacturing), imposes restrictions on
achievable geometries, and limits functional integration.
In contrast, nature excels at packing disparate materials and functions into unconstrained geometries across different length scales (e.g. distributed sensors in cuttlefish,
or sensorimotor pathways and resonant muscles in insects). These far exceed our current fabrication capabilities, and replicating all the functions of natural systems has
remained a distant dream. 3D-printing has resolved many challenges in fabricating
complex geometries, but despite its promise, assembling diverse materials (including
solids, liquids and thin-films) and functions inside a single, printed composite is a
current challenge.
This thesis presents a set of materials, processes and design strategies - a full experimental toolkit - to address the question: how can we distribute diverse materials
and functions in free-form geometries? First, a fully-3D-printed autonomous composite that can sense an external stimulus, process it, and respond by varying its optical transparency is described. The composite consists of seamlessly integrated solids
(UV-cured polymers), thin-films (conducting and semiconducting, solvent-evaporated
films), and encapsulated liquids. Techniques to engineer material interfaces are also
presented in this section.
A stimulus-free strategy to 3D-print self-folding composites at room temperature
is presented in the second part of this thesis. Specifically, the focus is on printing
flat electrical composites that fold into pre-programmed shapes after printing using
residual stress defined in specific regions. This provides advantages in the fabrication
speed, and also expands the range of achievable geometries when using solvent-based
inks. The third portion of this thesis focuses on 3D-printing soft actuators. After
highlighting a few example applications of printed actuator arrays, this is used as a

case study for topology optimization based design strategies. It is shown that the
inclusion of a topology optimizer in the 3D-printing pipeline enables the automated
design and fabrication of high-dimensional designs. The final section of this work
focuses on creating tactile sensor arrays, with an emphasis on the acquisition of
tactile datasets that can be used to understand the human grasp. The concluding
section summarizes the role of the fabrication strategies presented here in creating
composites of increasing levels of autonomy and self-sufficiency.
Thesis Supervisor: Wojciech Matusik
Title: Associate Professor of Electrical Engineering and Computer Science
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I am fortunate to have worked with Professor Herbert Shea at the École Polytechnique Fédérale de Lausanne as an undergraduate - I continue to rely on his advice
and friendship. Thanks to Professor Klaus Kern at the Max Planck Institute for Solid
State Research and Professor Kannan Balasubramanian (now at Humboldt University, Berlin) for helping me get an early start on research at a rigorous environment.
My interest in research originated in the offices of Professor N. N. Sharma and the
late Professor R. Mehrotra at BITS, Pilani. My undergraduate mentors played an
importantly role in my decision to join a graduate program - it was in these labs
where I first experienced the joys of research.
I am thankful to David Kim, Louise van den Heuvel and Melina Skouras for being
excellent collaborators and contributing ideas to the magnetic actuators project. The
work on automated design and fabrication used many of Melina’s simulation and
optimization tools. Omid Abari and I had great fun working on printed antennas.
Ziwen Jiang and Julia Rubin were ideal UROPs - it was exciting to mentor them
and be around their boundless enthusiasm. I would like to thank Pitchaya Sittthiamorn (Yam) who taught me much about our 3D-printer during my first days in the
lab. Thanks to all my labmates at the Computational Fabrication Group for their
friendship and being great colleagues.
I also want to thank Professor Jeff Lang and Professor Tomas Palacios for helpful
discussions during the course of my projects. Daniel Piedra was generous enough to
let me use his measurement setup to characterize my printed transistors, sometimes
even during the weekends. My experiments and characterization measurements also
benefited from the advice of countless research staff at MIT. I want to thank Geetha
Berera, David Bono and Timothy McClure in particular for their help with material
characterization. Thanks to Paul Tierney, Dennis Ward, Donal Jamieson, and the
MTL staff for their help with my fabrication processes during my first 3 years at MIT,
a large part of which I spent at the MTL cleanroom.
I am extremely grateful to my dear friends for supporting me and inspiring me

throughout this journey. Finally, this thesis would not have been possible without
my family’s encouragement and belief in me. This thesis is dedicated to my mother
and grandmother. They enabled much of what I have today through their continuous
sacrifice, foresight and resilience. I am forever thankful to them.

8

Contents
1 Introduction

I

19

1.1

Autonomous Composites . . . . . . . . . . . . . . . . . . . . . . . . .

21

1.2

3D-printing and additive manufacturing . . . . . . . . . . . . . . . .

23

1.3

Thesis overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

25

3D-Printed Multimaterial Composites

2 Drop-on-demand 3D-printing

27
29

2.1

Inkjet-based 3D-printing . . . . . . . . . . . . . . . . . . . . . . . . .

30

2.2

Ink requirements and processing . . . . . . . . . . . . . . . . . . . . .

31

2.3

Material interface engineering . . . . . . . . . . . . . . . . . . . . . .

35

2.3.1

Effect of surface energy . . . . . . . . . . . . . . . . . . . . . .

35

2.3.2

Voxel filling . . . . . . . . . . . . . . . . . . . . . . . . . . . .

37

2.3.3

Surface texture . . . . . . . . . . . . . . . . . . . . . . . . . .

38

2.3.4

Geometric control of interfaces . . . . . . . . . . . . . . . . . .

40

3 Autonomous sensory composites

41

3.1

Fabrication of sensory composites . . . . . . . . . . . . . . . . . . . .

41

3.2

Printed strain sensor . . . . . . . . . . . . . . . . . . . . . . . . . . .

43

3.3

Organic electrochemical transistors (OECTs) and amplifiers . . . . .

49

3.4

Electrochromic pixel . . . . . . . . . . . . . . . . . . . . . . . . . . .

52

3.5

Integrating the parts . . . . . . . . . . . . . . . . . . . . . . . . . . .

53

3.6

Experimental methods . . . . . . . . . . . . . . . . . . . . . . . . . .

55

9

II

Generating Shape by Programmed Self-Folding

58

4 Polymer swelling induced residual stress

59

4.1

Printing materials with residual stress . . . . . . . . . . . . . . . . . .

60

4.2

Role of crosslink density . . . . . . . . . . . . . . . . . . . . . . . . .

62

5 Self-folding electronic composites

69

5.1

Shape transformation in electronics . . . . . . . . . . . . . . . . . . .

69

5.2

4D-printing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

70

5.3

Self-folding bilayer . . . . . . . . . . . . . . . . . . . . . . . . . . . .

72

5.4

Modeling the self-folding system . . . . . . . . . . . . . . . . . . . . .

75

5.5

Self-folding composites . . . . . . . . . . . . . . . . . . . . . . . . . .

83

5.6

Experimental methods . . . . . . . . . . . . . . . . . . . . . . . . . .

89

III

3D-Printed Actuators - a case for automated design 91

6 Multimaterial magnetic actuators

93

6.1

3D-printed mesoscale magnetic actuators . . . . . . . . . . . . . . . .

93

6.2

Magnetic actuator characteristics . . . . . . . . . . . . . . . . . . . . 100

6.3

Experimental methods . . . . . . . . . . . . . . . . . . . . . . . . . . 105

7 Topology-optimization for automated design and fabrication of actuators

111

7.1

Multi-objective topology optimization . . . . . . . . . . . . . . . . . . 113

7.2

Printed topology-optimized actuators . . . . . . . . . . . . . . . . . . 118

7.3

Experimental methods . . . . . . . . . . . . . . . . . . . . . . . . . . 121

IV

Tactile Skins for Understanding Human Grasp

8 Tactile sensor arrays & gloves

124
125

8.1

Fabrication of a regular array . . . . . . . . . . . . . . . . . . . . . . 126

8.2

Sensor characterization . . . . . . . . . . . . . . . . . . . . . . . . . . 128
10

8.3

Sensor array and readout circuit . . . . . . . . . . . . . . . . . . . . . 130

8.4

Extensions to the sensor array . . . . . . . . . . . . . . . . . . . . . . 133

8.5

Towards tactile gloves

8.6

Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

. . . . . . . . . . . . . . . . . . . . . . . . . . 136

9 Conclusions
9.1

141

Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

A Ink formulations

145

11

12

List of Figures
1-1 Autonomous Composites . . . . . . . . . . . . . . . . . . . . . . . . .

22

2-1 Schematic of functional parts of our printer . . . . . . . . . . . . . . .

31

2-2 Resolution and droplet size . . . . . . . . . . . . . . . . . . . . . . . .

32

2-3 Three ways to convert ink to final use materials . . . . . . . . . . . .

34

2-4 Surface energy measurements from droplet shapes . . . . . . . . . . .

36

2-5 Voxel filling strategies

. . . . . . . . . . . . . . . . . . . . . . . . . .

39

2-6 Surface texture of the electrical contacts . . . . . . . . . . . . . . . .

40

3-1 Golden Tortoise Beetle (Charidotella sexpunctata) . . . . . . . . . . .

42

3-2 Schematic of the autonomous sensory composite . . . . . . . . . . . .

44

3-3 Stress-strain measurements of the UV curable materials - RIG and ELA 45
3-4 Strain sensor design and performance . . . . . . . . . . . . . . . . . .

46

3-5 Strain sensor performance under high strain . . . . . . . . . . . . . .

47

3-6 Strain sensor performance under repeated cycling . . . . . . . . . . .

48

3-7 Printed organic electrochemical transistor (OECT) - design and performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3-8 Transistor performance characteristics - transfer, I-V curves

50

. . . . .

51

3-9 Single-stage common source amplifier properties . . . . . . . . . . . .

52

3-10 Electrochromic pixel design and performance . . . . . . . . . . . . . .

53

3-11 Device with fluidic coupling enables controlling transparency and shape 54
3-12 Integrated autonomous sensory composite tests . . . . . . . . . . . .

56

4-1 Swelling of UV cured polymer samples in different components . . . .

62

13

4-2 FTIR spectra of STR samples with varying levels of crosslinks . . . .

63

4-3 Double bond conversion and cure depth of STR samples . . . . . . .

64

4-4 Linear strain due to swelling and mechanical properties (STR) . . . .

65

4-5 Mechanical strain tests of printed STR slabs . . . . . . . . . . . . . .

66

4-6 Differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA) data - RIG and STR . . . . . . . . . . . . . . . . . . . .

67

5-1 Overview of self-folding composites . . . . . . . . . . . . . . . . . . .

73

5-2 Characteristics of the bilayer system used for creating folds. . . . . .

74

5-3 Bilayer characteristics at elevated temperatures and design guidelines

76

5-4 Modeling the folding in the bilayer geometry - extracting prescribed
strain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

80

5-5 Folding angle measurements and comparison with simulation . . . . .

81

5-6 Effect of heating and high UV dose on the folding process . . . . . . .

82

5-7 Electronic self-folding composite design . . . . . . . . . . . . . . . . .

84

5-8 Self-folding electronic composites . . . . . . . . . . . . . . . . . . . .

86

5-9 Measured folding angle with mechanical stops . . . . . . . . . . . . .

87

5-10 Unfolding forces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

88

6-1 Magnetic actuators - material property library . . . . . . . . . . . . .

95

6-2 Magnetic actuators - supplementary material characteristics . . . . .

95

6-3 Actuator general design . . . . . . . . . . . . . . . . . . . . . . . . .

96

6-4 Printed actuator arrays . . . . . . . . . . . . . . . . . . . . . . . . . .

97

6-5 Magnetically actuated displays . . . . . . . . . . . . . . . . . . . . . .

98

6-6 Magnetic actuation at fluid interfaces . . . . . . . . . . . . . . . . . .

99

6-7 Experimental verification of tilting angles . . . . . . . . . . . . . . . . 102
6-8 Modeling of the external magnetic field . . . . . . . . . . . . . . . . . 103
6-9 Force generated by our actuators . . . . . . . . . . . . . . . . . . . . 103
6-10 Switching transients and bandwidth measurements - small amplitude
regime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6-11 Transient response - large amplitude actuation . . . . . . . . . . . . . 106
14

6-12 Long term cycling test of the small actuator . . . . . . . . . . . . . . 107
7-1 Topology optimization for function driven actuator fabrication . . . . 113
7-2 Panel appearance computation . . . . . . . . . . . . . . . . . . . . . . 115
7-3 Dot gain images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
7-4 Panel optimization for both optical and mechanical properties . . . . 119
7-5 Force and deflection measurements of the topology optimized actuator 120
7-6 Long term cycling test of 𝑙𝑝 = 19 mm actuators . . . . . . . . . . . . 121
7-7 Topology optimized actuator array - grass and stones . . . . . . . . . 122
8-1 Schematic of the tactile sensor array . . . . . . . . . . . . . . . . . . 127
8-2 Strain sensor characteristics and long term cycling . . . . . . . . . . . 129
8-3 Sensor characteristics of 3 devices . . . . . . . . . . . . . . . . . . . . 130
8-4 Readout scheme for the tactile sensor array . . . . . . . . . . . . . . . 131
8-5 Fabricated 32 × 32 sensor arrays . . . . . . . . . . . . . . . . . . . . 132
8-6 Captured 10 object dataset of visual and tactile images . . . . . . . . 134
8-7 Auxetic patterns for sensor arrays . . . . . . . . . . . . . . . . . . . . 135
8-8 Thermal characteristics of the pressure sensitive film . . . . . . . . . 136
8-9 Tactile glove . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
8-10 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

15

16

List of Tables
2.1

Surface tension of probe liquids . . . . . . . . . . . . . . . . . . . . .

37

2.2

Contact angles of probe fluids on RIG and ELA . . . . . . . . . . . .

37

2.3

Surface energy of cured RIG and ELA . . . . . . . . . . . . . . . . .

37

A.1 Ink formulations for devices in Part I . . . . . . . . . . . . . . . 147
A.2 Ink formulations for devices in Part II . . . . . . . . . . . . . . 148
A.3 Ink formulations for devices in Part III . . . . . . . . . . . . . . 149

17

18

Chapter 1
Introduction
Modern day manufacturing relies on the use of specialized manufacturing methods to
produce parts ranging from automobiles and airplanes to robots and medical implants.
These end products vary significantly in size, material composition and complexity,
but importantly, also have great variance in the number and kind of custom-made
machines and tooling required to produce them. Manufacturing industries are optimized to produce identical parts in large quantities using processes that are fast
and efficient in their use of raw materials. Manufacturing of these modular parts
has been a tremendous success story and is one of the foundations of industrialized
economies. At the same time, this has also furthered an assembly-centric approach
to manufacturing. Specifically, when multiple functional parts are required to build
a larger system, they are typically produced individually and then assembled in a
traditional assembly line.
It is possible to imagine new paradigms in manufacturing that can overturn this
model, which is of extreme interest as any improvements in this broad framework
would have large impacts on economically vital industries. Several broad alternatives
and ideas are being explored today. Some important questions that are being asked
are:
1. We can produce identical parts in a high-throughput manner. Can we produce
customized parts - each tailored to a particular person - as efficiently?
19

2. Manufacturing equipment is often prohibitively expensive. Will home users be
able to produce small quantities of parts using low cost machines?
3. Can we manufacture parts with complex shapes?
4. Can one low-cost machine produce more than one type of part?
5. How can a non-expert user design these parts quickly?
6. If these simpler hobbyist machines become pervasive, will we rely less on shipping and more on digital transfer of design files?
Three-dimensional printing (3D-printing, sometimes more broadly referred to as additive manufacturing [AM]), is emerging as a promising approach to explore these
fabrication challenges. As these questions are being answered, the face of manufacturing is itself evolving. At a fundamental level modern products are increasingly
optimized, and pack functions more densely together. These functions span multiple
domains - electrical, mechanical, optical and so forth. The bigger challenge comes
from our current reliance on modular parts as we enter the era of mass customization. When customizing small objects like hearing aids, the amount of “real estate” is
small and we can no longer use modular parts - modularity costs space. Products of
the future will be designed and fabricated in a completely integrated way resembling
natural organisms.
This thesis is aimed towards the broad challenge of achieving the levels of functional integration seen in nature. Consider the sensorimotor pathways seen in natural
organisms. These pathways are made up of individual elements that have a multitude
of functions, and are arranged in close proximity in three dimensions. These functions are further defined at multiple length scales and hierarchies, and are created by
assembling materials from a diverse palette. This density of functional and material
integration enables much of the autonomy, efficiency and reliability of natural systems. Replicating this level of functional integration has been extremely challenging,
even using additive manufacturing techniques. We largely rely on external assembly
20

for functional integration, and can’t densely pack diverse materials in freeform geometries. Simply put, our fabrication capabilities are limited compared to strategies used
by nature. The ability to replicate even a part of natural integration strategies would
be useful for applications in fields like robotics. This thesis addresses the question:
“How can we integrate diverse functions in parts with unconstrained geometries?”
More specifically, the focus here is on functional elements that contribute to autonomy,
such as sensors, processors and actuators. This is in part motivated by their pervasive
presence in intelligent machines and robots. It is desirable to integrate these elements
into seamless parts with complex 3D-geometries to form autonomous composites.
Fabricating these composites requires the fundamental ability to arrange disparate
materials - solids, liquids and thin films - freely in three dimensions and engineer their
interfaces. More generally, fabricating form and function without external assembly
demands precise control of material integration. This thesis describes in detail the
materials, design approaches, device designs, fabrication processes and experimental
methods to produce minimal versions of these autonomous composites.

1.1

Autonomous Composites

Mixing multiple materials to build composites with improved performance is an old,
time tested strategy. For instance, wattle-and-daub is a composite structural material
has been used for several millennia to make walls 1 . The idea that the right materials
can be brought together to create arbitrary functions inside smart composites 2 is
widely accepted today. These composites can be considered primitive man-made
analogues of biological systems. When a wide range of functions are simultaneously
integrated in a composite, the boundary between materials and machines is blurred 3 .
Specifically, we can envision such a composite where many sensors that sense external
or internal stimuli are distributed freely in the structure. The received stimuli are
processed using distributed signal processors and an appropriate collective response
is effected by actuators. These composites would be able to communicate among
21
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Figure 1-1: Autonomous composites. A. Autonomous composites integrate elements that enable basic autonomy into a single composite that is structurally stable
and self-sufficient. Additionally, they allow individual composites to communicate
with each other to perform coordinated tasks. B. One can abstractly segment these
functions (and materials) into discrete compartments within a seamless composite.

themselves and with the outside world over extended periods of time with access to
an energy source. When all these individual functions are brought together to enable
autonomy, we define these composites as Autonomous composites, as shown in Fig.
1-1. Amorphous computing 4 and robotic materials 5 are analogous ideas that exist in
robotics.
Aggregations of diverse functions that exist is nature have often served as inspiration in robotics and other related fields. (i) Cuttlefish are able to quickly sense
the surrounding scene and camouflage themselves rapidly and effectively. This is
possible due to their ability to locally sense light and respond by controlling the
chromatophores on their skin 6 . (ii) The human tactile system has equally intrigued
robotics - we cannot yet match the number or density of mechanoreceptors in the
human palm 7 in contemporary robots. This has limited our ability to both understand the primate grasp as well as use a similar system in robots. (iii) Insect flight is
enabled by a sophisticated control system that consists of sensors and efficient resonant actuators. For example, the fruit fly uses inputs from both vision and antennae
mechanoreceptors to stabilize itself in flight 8 . These examples highlight the longstanding roadblocks that exist in building hardware for robotics, and it is easy to see
the role that artificial autonomous composites have in addressing this. Biomimetic
and bio-hybrid functions feature prominently in the grand challenges of robotics 9 .
22

The recent surge in interest in biomimetic functions has happened in parallel
with rapid improvements in fabrication technology in diverse fields - this has enabled
fascinating new directions of inquiry. There have been many advances in using selfassembly techniques across vastly differing length scales 10 and advances in MEMS
and semiconductor fabrication technologies have led to proposals such as the smart
dust project 11 . Emerging advances in genetic engineering and synthetic biology have
enabled the paradigm of biological fabrication 12 . In addition, over the past three
decades, 3D-printing techniques have come into the picture and have grown rapidly.
This is the fabrication method explored here due to its advantages in creating freeform geometry and its ability to handle a diverse materials palette.

1.2

3D-printing and additive manufacturing

In 1981, Hideo Kodama described a way to fabricate 3D models using a photo polymer 13 . This, along with Chuck Hull’s first patent 14 is considered to be the beginning
of 3D-printing as we know it today. It has since become a term for a collection of
different techniques that enable the creation of parts made of diverse materials using additive processes. In general, most 3D-printers enable fabrication of complex
structures by assembling powders, inks or filaments using a motion controlled stage
(or gantry). The printhead is the active material deposition system which can be an
inkjet printhead, a filament extruder, or even a controlled light source that dictates
curing. A detailed description of all the different 3D-printing methods is beyond the
scope of this work, but a short description of a few popular techniques is given below:
1. Stereolithography (SLA): In SLA techniques, a liquid resin is contained in a bath
and can be selectively photo cured one volume element (voxel) at a time or one
layer at a time. Subsequently, the stage on which the layer is polymerized is
advanced to create the next layer on top. SLA is considered the first 3D-printing
process.
2. Fused Deposition Modeling (FDM): A filament is extruded through a heated
23

nozzle which is mounted on a gantry. Typically, the extruder (or printhead) is
mounted on a 2-axis gantry and the printer platform provides the 3rd axis of
control. FDM is the most widely used consumer 3D-printing process.
3. Powder-based 3D-printing: In powder based additive manufacturing, powdered
plastic or metal is bound together by using a binder (which is inkjet on top)
or sintered using a laser source. In this process the resultant part is often
green (i.e., requires further processing) and the material properties are typically
enhanced by post-processing. Powder based 3D-printing techniques occupy a
large part of the industrial 3D-printing space.
4. Drop-on-demand 3D-printing: This is an extension of the more common 2D
inkjet printing process used in desktop inkjet printers. Drop-on-demand 3Dprinting involves the use of UV-curable inks that can be deposited using a heated
printhead that can be subsequently cured after deposition. These techniques
have significant advantages in their multimaterial manufacturing capabilities.
5. Direct ink write (DIW): In a typical DIW process, material is extruded through
a nozzle by using a high pressure air inlet. The printer setup is analogous to
the FDM process and the printing process is controlled using a vector motion
controller. This process is widely used in academic research today due to its
simplicity and freedom in material compatibility.
3D-printing rivals traditional processing in its ability to work with complex materials. In parallel, examples of 3D-printed devices demonstrating different functions
are emerging now. These developments are often accompanied by variations and improvements in the printing process itself. Recent demonstrations have produced a
wide range of materials: polymer-derived ceramics 15 , a bone replacement 16 , transparent fused silica glass 17 and stainless steels with high strength 18 . With the ability
to achieve superior material properties, attention is now shifting to the functions that
can be created using 3D-printing. So far a range of functional devices such as microbatteries 19 , quantum dot light emitting diodes (LEDs) 20 , strain sensors 21 , satellite
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propulsion system 22 , hydraulically-driven robots 23 and dielectric elastomer actuators 24 have been 3D-printed. These few examples highlight the breadth of devices
that can be printed. However, the typical challenge is in fully printing all parts of
these devices completely (i.e. not relying on any external processing) and integrating
diverse components inside the same part using the same printing process.

1.3

Thesis overview

The objective of this thesis is to enable the integration of diverse functions inside
objects of complex shapes - this is in part inspired by the limitless freedom in the
integration of functions seen in nature organisms, as mentioned earlier. The main
hypothesis here is that this is only possible if we are able to integrate diverse materials in free-form geometries. Further, the ability to control the placement of these
materials and engineer their interfaces is an essential requirement. With this in mind,
we develop fundamental ideas for integrating solids, liquids and thin-films together.
Material interfaces can be controlled by designing the materials themselves or by
controlling physical properties such as surface texture and geometry. Part I explores
material interfaces in detail in the context of autonomous sensory composites - an
integration of sensing, processing and output devices. This is the first demonstration
of fully 3D-printed transistors that are integrated together to form amplifiers inside
a matrix that consists of rigid and elastic materials. The next part of the thesis, part
II, presents a new folding technique based on programmed residual stress. This allows programmed spontaneous folding in a printed object once it is removed from the
printer platform, i.e. without any controlled stimulus. In part III, we devise a strategy to design and fabricate magnetically-actuated panel arrays. Notably, the focus
is on an automated design and fabrication scheme that utilizes a fabrication-aware
optimization process. The first three parts of the thesis are based on a voxel-based
3D-printing approach. The subject of part IV is the fabrication of tactile arrays and
gloves. The main goal of this part of the thesis is to demonstrate a rapid and scalable scheme for obtaining tactile data when humans grasp objects. Finally, the last
25

chapter of the thesis summarizes the results and present potential directions to build
upon this thesis.
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Part I
3D-Printed Multimaterial
Composites

27

28

Chapter 2
Drop-on-demand 3D-printing

Inkjet printing, despite its conception over a century ago, reached wide adoption in
the second half of the 20th century. It was during this time when microelectromechanical systems (MEMS)-based printhead technologies (piezoelectric or thermal droplet
generation systems) were developed, and came into broad use. In traditional inkjet
printing, droplets are generated (typically ∼ 50 µm) and can each be independently
controlled and positioned on a substrate. These droplets are then dried by evaporating the solvent, absorbing them onto a substrate, or solidified 25 . These droplets
can be triggered at a frequency up to 1 - 20 kHz per nozzle, and typically each printhead contains up to 100s of nozzles. While it is still widely used in graphics output
and marking on paper, it has emerged as a promising manufacturing technology in
different fields 26 ranging from printed electronics 27–29 , nucleic acid synthesis 30 , and
biological cell printing 31,32 . The most compelling case for the use of inkjet printing,
as far as this thesis is concerned, comes from its multimaterial capability and ability
to actuate a large number of nozzles that can be independently triggered at any given
time. We now describe our custom built drop-on-demand 3D-printer that contains
multiple piezoelectric printheads, and can support multiple diverse materials.
Contents of this chapter are adapted with permission from - S. Sundaram, Z. Jiang, P. SitthiAmorn, D. S. Kim, M. A. Baldo, W. Matusik, “3D-printed autonomous sensory composites”, Adv.
Mater. Technol., 2, 1600257 (2017). https://doi.org/10.1002/admt.201600257 [Copyright John
Wiley and Sons]
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2.1

Inkjet-based 3D-printing

Drop-on-demand inkjet 3D-printing is an extension to the traditional 2D inkjet printing process. The transition to fabrication in three dimensions requires new hardware,
design strategies and inks - all of which will be addressed in this thesis. The hardware consists of a 3D gantry - where the printhead is mounted on a carriage that can
typically move in 2 axes and a printer platform which moves in the third dimension,
often the z -axis. Our 3D-printer consists of two commercial printheads (from the Epson Workforce 30 printer), and can print up to a maximum of 10 different materials
simultaneously 33 . Each printhead has 540 individual nozzles. The inks to be printed
are connected to the printhead and maintained at an optimized pressure using an
air-input pressure control system. The pressure (positive or negative) is optimized
based on the fluidic resistance of the path from the connector to the printhead nozzle.
Each of the printheads can be connected to 5 unique inks. In our case, one print is
heated to a temperature of 70 °C. So all the inks connected to this printhead have
to be stable at this temperature, and also lie in the printable viscosity and surface
tension range. The ink requirements are described in more detail later. The heated
printed is typically used with UV curable inks in our printer. This is generally because most UV curable inks and resins tend to be higher in viscosity (∼120 cP) than
what the printhead is designed for (2 - 15 cP). Here temperature is used to reduce
the ink viscosity to the printable range. The second printhead is maintained at room
temperature and is used with all other inks. Apart from the two printheads, the
carriage also contains energy sources - a heater and a UV LED array. The typical
use of these energy sources is described in the next section.
The 3D-printing process begins with the voxelization of the 3D design to be
printed. The voxel dimensions are chosen based on the typical droplet size. Our
printheads are optimized for producing droplets that are ∼ 30 µm in size. The typical voxel dimensions we use are 35 µm × 35 µm × 17 µm. A typical droplet imaged
midair is shown in Fig. 2-2A, and printed lines that are single voxel wide show the
lateral resolution of the printing process (∼ 35 µm). This is used to divide the full
30
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Figure 2-1: Schematic showing the functional parts of our printer. The
printer consists of a carriage that moves in-plane (x and y-axis) and a platform that
moves vertically (z -axis). The carriage consists of two printheads, one heated and
one maintained at room temperature. Inks fed to the printhead are deposited on the
printer platform. Subsequently, they are either UV-cured using the UV LED array, or
heated using a ceramic heater, or left as ink inside a printed well to be encapsulated
later. The process parameters and gantry are controlled by a central processor.
3D structure into individual voxels arranged in a lattice. Each voxel can then be
assigned a material number that corresponds to a specific material. The end result
is the deconstruction of the 3D design file in a stack of bitmaps where each pixel
corresponds to the material assignments to corresponding voxel in the slice. Once
this voxelized input file is generated, the motion control system and the printhead
driver can be used to trigger droplets from individual nozzles at the right positions.

2.2

Ink requirements and processing

Drop-on-demand inkjet printheads impose strict restrictions on the ink rheology. At
a basic level the ink cannot contain any particulate matter that can clog the nozzles.
In practice, the particulate content has to be less than one-tenth the size of the nozzle
to prevent clogging. There are several ink rheology conditions to be met for it to be
printable. The Z -number has to lie in the range 1 < 𝑍 < 10; Z is a non-dimensional
parameter defined as the inverse of the Ohnesorge number (𝑂ℎ) 25 . The Ohnesorge
number relates the viscous forces to the inertial forces and surface tension of the ink
31

A

B

100 µm

100 µm

Figure 2-2: Droplets and resolution A. Images shows droplets after ejection from
4 adjacent nozzles. The droplets are ∼ 30 µm in size and the nozzle spacing is ∼ 140
µm. B. Lines printed from adjacent nozzles show the lateral resolution of the printing
process.
as follows
𝑂ℎ = √

𝜈
𝜌𝛾𝑎

(2.1)

where 𝜌, 𝜈, 𝛾 are the density, dynamic viscosity and surface tension respectively,
and 𝑎 is the nozzle size. In short, at low 𝑍, the dynamic viscosity dominates the
picture, and ink ejection is prevented. Where as at high 𝑍, the inertial forces are too
large and this results in many satellite droplets and unwanted spraying. The ideal
condition for droplet ejection is the generation of one droplet per actuation cycle with
clear separation of the droplet tail. In order to enforce this, we use a droplet-in-flight
analysis system with stroboscopic illumination (jetXpert) to observe the droplets as
they leave the nozzle (Fig. 2-2A). The droplet ejection force can be controlled by
changing the actuation pulse and the waveform that is used to drive the piezoelectric
stack corresponding to each nozzle. The actuation waveform contains 1-3 pulses to
eject a single droplet, and is optimized manually for each ink. The number of pulses,
their amplitude, and duration of these pulses control the droplet volume, ejection
velocity and the shape of the droplet. The optimized droplet waveform for each ink
is used as an input in the printing process. Prior to optimizing the droplet waveform,
the ink viscosity and surface tension are tuned to printable range for our printhead
(viscosity typically in the range 2 - 12 cP, and surface tension 40 - 50 mN/m). Ink
rheology optimization and waveform optimization are performed outside the printing
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platform. Once the inks are optimized they are loaded in the printer for printing as
described earlier.
The inks described in this thesis are typically processed in one of three ways as
highlighted in Fig. 2-3. One category of inks, i.e. UV curable inks, contain acrylate based monomers, oligomers, UV photoinitiators and crosslink inhibitors. The
monomer and oligomers of the mixture can be varied to create final polymers with
varying properties including a wide range of mechanical properties. The photoinitiator generates free radical when exposed to 365 nm UV light and the monomers
and oligomers form chemical crosslinks as a result. The degree of crosslinks is also
dependent on the concentration of the photoinitiators. The crosslink inhibitors are
used to prolong the pot life of the ink by preventing the formation of crosslinks under
low intensity exposure. In this thesis several variants of the acrylic ink are used in
subsequent chapters: a rigid formulation (RIG), elastic formulation (ELA), a material
with inbuilt residual stress (STR), and magnetic nanoparticle composite ink (MPC).
The full formulations are listed in the appendix. All these inks are printed with the
heated printed maintained at 70°C, and then UV cured.
The second category of inks, shown in the middle of Fig. 2-3, are liquids which are
printed into wells defined in the printed part. These liquids are subsequently capped
by the UV curable materials described earlier. Two main use case scenarios for
these inks in this thesis are: (i) hydraulic transmission of force using water or other
liquids like mineral oils, and (ii) using trapped liquids as active fluids, like liquid
electrolytes in an electrical transistor. It is also possible to use a similar strategy in
drug encapsulation 34 and to design batteries containing liquid electrolytes.
The third main processing strategy, for solvent-based inks, is to print liquid traces
that are then heated from the upper side using a convection heater. A copper block
was designed with air flow channels inside it, and attached to with a compact ceramic
heater which is the heating element. The ceramic heater can be rapidly heated to
a temperature of up to 400 °C. After printing the liquid traces, hot air is turned on
locally over regions containing the liquid patterns. This techniques allows generating extremely thin films with sub-micron layer thickness. A similar approach is also
33
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Figure 2-3: Processing ink to material. All inks used in this thesis are processed
in one of three ways. The ink that results in the matrix materials contain acrylate
monomers, oligomers and photoinitiators and photoinhibitors. The ink is UV cured
using an LED array (365 nm) with a typical intensity of 1 W/cm2 as shown in the
left. Some inks are printed as liquids inside small wells and subsequently encapsulated
in the liquid state inside UV curable matrices as shown in the center. The third
category of inks are those which contain solvents. These inks are typically printed
onto an underlying material and are sintered to remove the solvent or heated to induce
precipitation.
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used to precipitate nanoparticles from a silver amine complex ink in the next chapter. Overall, this approach is used to generate thin solid films from liquid ink, and
specifically used to generate conductive and semiconducting traces here.

2.3

Material interface engineering

Controlling material interfaces is essential for obtaining high-fidelity patterns during
the printing process as well as increasing the physical robustness of multimaterial
interfaces. We use three main techniques to engineer the interfaces between solids,
liquids and thin-films. They are described in detail below.

2.3.1

Effect of surface energy

When a ejected droplet lands on a surface, its impact velocity, surface tension and the
surface energy of the underlying material play an important role in determining the
drop shape post impact. Immediately after impact, droplet spreading is controlled
by inertial forces. The ejection velocity is optimized to reduce splashing on impact.
When splashing is avoided, the rest shape of the droplet is primarily determined
by the capillary forces 25 . This is where the surface tension of the ink, described in
the previous section, plays a role. Here we carefully consider the surface energy of
the cured materials. Rigid polymer (RIG) and the elastic polymer (ELA) are the
two main matrix materials used in this thesis. To study the surface energy of RIG
and ELA, droplets of deionized (DI) water, ethylene glycol and diiodomethane were
used as probe fluids. Figure 2-4 shows 1µL droplets of DI water, ethylene glycol
and diiodomethane resting on RIG and ELA surfaces. The surface tension of the
probe fluids (apolar Lifshitz-van der Waals component 𝛾𝐿𝐿𝑊 , Lewis acid 𝛾𝐿+ , Lewis
base components 𝛾𝐿− ) are known, and listed in Table 2.1. The measured contact
angles are listed in Table 2.2. Contact angles were measured using the VCA-2000TM
Video Contact Angle System Goniometer (AST Products Inc., Billerica, MA, USA)
The values are averaged from 12 measurements of the contact angle in each condition.
Using the contact angles and the known surface tension values of the probe fluids, the
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Rigid polymer (RIG)

DI Water

Figure 2-4: Surface energy. Images of 1µL droplets of DI water, ethylene glycol
and diiodomethane on RIG and ELA substrates.
surface energy of RIG and ELA can be extracted using the van Oss-Good-Chaudhury
approach 35 , by solving the Young equation with each probe liquid:

(1 +

𝑐𝑜𝑠𝜃) 𝛾𝐿𝑡𝑜𝑡

(︂√︁
)︂
√︁
√︁
+ −
− +
𝐿𝑊 𝐿𝑊
𝛾𝑆 𝛾𝐿 + 𝛾𝑆 𝛾𝐿 + 𝛾𝑆 𝛾𝐿
=2

(2.2)

where 𝜃 is the contact angle, 𝛾𝐿 and 𝛾𝑠 are the surface tension of the probe fluid and
surface respectively. The apolar Lifshitz-van der Waals, Lewis acid and Lewis base
components, and the total value are denoted by the superscripts

𝐿𝑊

,

+

,

−

and

𝑡𝑜𝑡

respectively. The three unknowns in the equation are 𝛾𝑠𝐿𝑊 , 𝛾𝑠+ and 𝛾𝑠− and therefore
three probe fluids are used to solve for the unknowns. The total surface energy of the
substrate is a sum of the apolar and polar components, 𝛾𝑠𝑡𝑜𝑡 = 𝛾𝑠𝐿𝑊 + 𝛾𝑠𝐴𝐵 . The polar
√︀
component 𝛾𝑠𝐴𝐵 is computed as 𝛾𝑠𝐴𝐵 = 2 𝛾𝑠+ 𝛾𝑠− .
Using this approach the surface energy terms of RIG and ELA are calculated and
shown in Table 2.3. The total surface energy of RIG is obtained as 45.23 mJ/m2 and
the corresponding value for ELA is 28.65 mJ/m2 . It is evident that the polar component is negligible compared to the Lifshitz-van der Waals component as expected
since our crosslinked polymers are not polar. Further, it is noteworthy that the ELA
and RIG polymers differ significantly in their surface energies. This is useful later
36

Table 2.1: Surface tension of probe liquids
Probe Liquid
Diiodomethane
Ethylene glycol
DI water

Surface energy and components [mJ/m2 ]
𝛾𝐿𝐿𝑊 𝛾𝐿+
𝛾𝐿−
𝛾𝐿𝑡𝑜𝑡
50.8
0
0
50.8
29
3
30.1
48
21.8 25.5 25.5
72.8

Table 2.2: Contact angles of probe fluids on RIG and ELA
Substrate
Rigid polymer
Elastic polymer

Measured contact angle, (𝜃) [°]
Deionized water Ethylene glycol Diiodomethane
60.10 ± 4.54
30.86 ± 3.37
35.29 ± 2.55
100.82 ± 1.93
72.71 ± 6.34
60.43 ± 3.96

in coating active surfaces to tailor the surface energy prior to printing liquid inks on
top.
When a pattern is to be printed, the droplets are positioned such that they coalesce into the desired pattern. Droplet spacing can dictate whether a row of printed
droplets remain separated or form a smooth line or bulge 36 . The process parameters
like velocity and droplet spacing together with surface energies require optimization
for obtaining high pattern fidelity. The droplet deployment sequence also can be
controlled.

2.3.2

Voxel filling

Mulitple printing passes are required to print any filled region, as shown in Fig. 2-5A
- this is to an extent set by the printhead geometry. It takes 4 printing passes at

Table 2.3: Surface energy of cured RIG and ELA
Substrate
Rigid polymer
Elastic polymer

Surface energy,
𝛾𝑠𝐿𝑊 𝛾𝑠𝐴𝐵
41.89 3.33
28.33 0.32
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[mJ/m2 ]
𝛾𝑠𝑡𝑜𝑡
45.23
28.65

a minimum to cover a region smaller than the printhead width of 1” with a droplet
(or voxel) size of ∼35 µm, and nozzle separation of 140 µm. In the case of a 10 ×
9 voxel patch, 3 adjacent nozzles are fired continuously to fill the rows numbered 1.
Prior to the second pass, the printhead is moved by 35 µm and all the ‘2’ voxels are
printed, and so on. This is quickest way to fill a patch. However this is also the
least tolerant of process imperfections. For instance, one clogged nozzle or misfiring
nozzle will leave at least one (and up to three) row empty when nozzle rotation is
not utilized. By default, nozzle ‘a’ in this schematic represents the same physical
nozzle on the printhead across the 4 passes. However when nozzle rotation is used, a
different physical nozzle is used for the nozzle ‘a’ across the 4 printing passes. This
averages out the nozzle performance across the print.
The pattern can also be interleaved into many pseudo-layers to fill the area more
uniformly as shown in Fig. 2-5B, C. In this case, it is interleaved as 3 pseudo-layers,
and requires 12 printing passes in total. This interleaving approach also reduces
asymmetric droplet spreading. In this case, the droplets also have more time to reach
the spread state, and nozzle errors are more uniformly distributed across the print
when nozzle rotation is used. This is one of many possible interleaving strategies used
in the printing process.

2.3.3

Surface texture

When UV curable materials are printed and cured during the printing process, surface
ripples with a spatial wavelength of 35 µm are common since the real printed voxel
does not have a flat top as ideally represented. This can be both useful or a hindrance.
However these ripples on the surface can be smoothed out significantly by introducing
a delay between droplet deployment and curing. The tradeoff here is the blurring of
edges of the printed pattern during this time. This can however be useful since by
default surface ripples increase the area of a contact between two materials when
printed on on top of the other.
It is also useful to intentionally define macroscale surface texture as shown in Fig.
2-6A. In this schematic, the contact of a printed electrical device is shown. Here the
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Figure 2-5: Voxel filling. A. Schematic shows the default way to fill a 10 × 9 voxel
patch. ‘a’, ‘b’ and ‘c’ indicate three consecutive nozzle positions and the number
inside each voxel shows the printing pass at which these voxels are printed. B.
Instead, a patch can be separated into 3 layers, each requiring 4 passes to print. C.
This approach requires 12 printer passes to print a patch. While slower, this process
fills a pattern more uniformly through the area of the patch. When nozzle rotation
is used, this strategy can distribute the effects of nozzle failures across the print.
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Figure 2-6: Textured contact. A. Schematic shows an electrical contact design
in a printed device. The textured contact window and the slanted interfaces are of
interest here. B. The height map of the textured contact measured using the Gelsight
system.
encapsulated silver trace terminates in an open window for making external electrical
connections. The silver trace, in this case in printed on to a pyramidal texture defined
in a rigid matrix to prevent the silver trace from being scratched easily. The measured
surface geometry of the textured contact region is shown in Fig. 2-6B.

2.3.4

Geometric control of interfaces

In many devices in the upcoming chapters, soft materials are printed together with
rigid materials (with elastic modulus varying by over 3 orders of magnitude). These
interfaces are inherently interesting since materials that experience high strains are
brought together with nearly 0 strain materials. These interfaces can become prone
to failure due to interfacial strain discontinuities. Controlling the geometry of the
interface can be an effective strategy to engineer tough interfaces 37 .
One such example is shown in the simplified schematic of the contact design in
Fig. 2-6 where slanted non-planar interfaces increase the interface area between the
stretchable polymer and the rigid substrate. In summary, material interfaces can be
engineered at many levels of the printing process, but also in the material design and
the device geometry.
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Chapter 3
Autonomous sensory composites

Insects like the Golden tortoise beetle (Charidotella sexpunctata) shown in Fig.
3-1, can change the transparency of their exoskeleton quickly in response to mechanical stress. This reaction is enabled by a network of sensors and actuation mechanisms
part of their broader sensorimotor network that are seamlessly connected inside this
small insect. Integrating elements of sensing with processors and actuators within
single composites opens up a route to autonomous sensory composites inspired by
nature. Motivated by this, we describe a monolithic integration of strain sensitive
elements with an organic electrochemical transistor (OECT) based amplifier and electrochromic pixels. A mechanical stimulus is picked up by our strain sensor, amplified
electrically by a single-stage amplifier and the transparency is modulated in the optical actuator, all within a fully-printed composite powered by 1.5 V.

3.1

Fabrication of sensory composites

In emerging applications that demand sensorimotor analogues, such as in robotics
and electronic skins 38,39 , laminates of separately-made high performance sensors 40
Contents of this chapter are adapted with permission from - S. Sundaram, Z. Jiang, P. SitthiAmorn, D. S. Kim, M. A. Baldo, W. Matusik, “3D-printed autonomous sensory composites”, Adv.
Mater. Technol., 2, 1600257 (2017). https://doi.org/10.1002/admt.201600257 [Copyright John
Wiley and Sons].
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Golden Tortoise Beetle
Charidotella sexpunctata, Charidotella egregia etc.

Reflective exoskeleton

Transparent exoskeleton

Figure 3-1: Golden Tortoise Beetle. Insect like the Golden tortoise beetle can
modulate the transparency of their exoskeleton. In its default state, the beetle has a
reflective golden shell. When disturbed, the beetle can drain fluid from its exoskeleton
and appears red. Image credit: Ken Sproule
and external processors manufactured using several techniques have been used. This
progress has been enabled by advances in stretchable materials 41–43 and ultralight
organic electronics 44,45 . Solution processed and printable designs have also emerged
from the need for low-cost, large-area manufacturing, 27,46–51 in parallel inspiring our
work. Most current approaches to fabricate sensory composites rely on the external
assembly of individual components produced from multiple processes, often limiting
topology and density.
New additive manufacturing techniques enable the rapid creation of functional
parts made of advanced materials in complex shapes 15,52 with multidimensional control 53 . However, 3D-printing is nascent and few functional electronics have been
demonstrated so far. Strain sensors 21 , quantum dot light-emitting diodes 20 and passive components have been 3D-printed but demonstrations of active circuits and large
integrations of elements are still missing.
We present a low-temperature additive manufacturing process to achieve an integration of strain sensitive elements, organic amplifiers and electrochromic elements
using the integration scheme shown in Fig. 3-2. The solid supporting matrix consists
of UV curable rigid (RIG) and elastic (ELA) layers. The strain sensor is defined in
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the ELA regions and the amplifier and the electrochromic pixel are written on to
the RIG matrix. RIG (elastic modulus ∼ 637.76 MPa) and ELA (elastic modulus ∼
678.5 kPa) span three orders of magnitude in stiffness, as shown in Fig. 3-3.
The RIG and ELA UV curable polymer inks are printed simultaneously using the
heated printhead to form the substrate layers, which are 700 µm high including the
pyramidal contact regions - using the interleaving technique. When the functional
inks, PEDOT:PSS and silver ink, are being printed, the heater passes are activated
to evaporate the solvent every two layers. At this stage, the ceramic heater moves
over the regions containing solvents and traverses back and forth for 10 cycles with
the air pump turned on/off automatically, taking ∼1 min in total. This rapid heating
cycle does not seem to have any detrimental effect on the material properties of
the underlying substrate since only small regions of the uppermost print layers are
exposed to hot air at any time. When silver ink is printed, the patterns made with
the nearly transparent silver ink turn white-silver in appearance, signaling formation
of silver nanoparticles and the completion of liquid evaporation. The sidewall layers,
which are printed next, contain both the rigid and elastic polymers, which are printed
using the same settings as the substrate regions. The electrolyte is printed into the
wells defined in the elastic material. The print is then sealed with a 500 µm thick
rigid capping layer. At the completion of printing, the two strain sensor arms of the
print are 1 mm thick in total and the rigid electrical region is 1.5 mm thick. The
devices were made thick to demonstrate the ability to print thick composites, showing
potential for printing complete functional parts. We will now look at the properties
of the individual components in detail.

3.2

Printed strain sensor

The strain sensor consists of 3 different materials, each with a specific purpose. The
RIG layers form the rigid electrical contacts, while the ELA is the stretchable region
containing the active material (silver trace), as shown in Fig. 3-4A. The sensors are
designed such that the contacts are rigid ensuring that the contacts are unaffected
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Optically clear sealing layer

Encapsulated liquid
electrolyte
Pseudo layers of
active materials
(solvent-evaporated)

Sidewalls of the
electrolyte chamber

PEDOT:PSS
Pyramidal surface texture
at the contact region to enhance
mechanical robustness of the
electrical contacts

Stretchable Ag
conductor

Stretchable elastic regions
of the strain sensor

Transparent rigid regions of printed base with a thin elastic layer for optimal surface energy

Figure 3-2: Schematic of the autonomous sensory composite. The composite
is grouped into 4 sets of functional layers: a base with spatially varying mechanical
stiffness and surface energy, electrical materials, electrolyte, and capping layers. All
these materials are printed. The base is formed from droplets of UV curable acrylic
polymer. Uppermost layers of the base consist of thin surface energy engineered elastic
ELA layers to facilitate proper definition of solvent-based inks. Electrical contact
regions of the base are textured with pyramids for mechanically robust contacts. Silver
traces are obtained by precipitating silver from a liquid ink by local forced convection
heating. The elastic matrix with silver nanoparticles forms a stretchable conductor.
Thin poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) layers
are obtained by solvent evaporation and are used as the active semiconductor and
electrochromic material. The printed conductive and semiconductor materials are
capped by UV curable polymers and wells that hold the electrolyte, defining the
active transistor geometry. The uppermost optically clear layer seals the electrolyte
exposing only the electrical pads. This scheme shows the integration of elements
with varying mechanical and dynamically-tunable electrical and optical properties in
freeform architectures.
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Figure 3-3: Mechanical properties of the UV curable materials. A. Measured
stress plotted as a function of strain for three printed elastic (ELA) samples each 7
mm wide, measured at a strain rate of ∼ 10 % per minute. The linear elastic modulus
of the averaged stress-strain curve is 678.47 kPa at 0.5% strain. B. Stress-strain plot
for three samples printed with the rigid material (RIG), with an elastic modulus of
637.76 MPa

when deformed. The transition from the rigid contacts to the active elastic matrix is
gradual, preventing delamination at the interface, as shown in Fig. 3-4A.
The active material in the strain sensor is formed by rapid heating of the printed
silver ink, facilitating the formation of silver nanoparticles by a reduction reaction.
Typically 8 layers of the silver ink (with heater passes every 2 layers) results in a
10 µm thick strain sensitive resistor. The silver traces are sandwiched within the
elastic polymer (scanning electron microscope image in Fig.3-4B). Elastic region at
the middle of the sensor is 20 mm long transitioning to a predominantly rigid substrate
at the contacts over 1.5 mm. All our sensors show a linear resistance change as a
function of applied strain with no visible hysteresis for small deformations (∼ 5%).
Figure 3-4C shows the resistance as a function of strain when the sensor is cycled
uniformly at 10 mm/min, for varying maximum strains of 5%, 10%, and 20%. The
linear gauge factor (GF) of the sensor at small strains is 102.94. Our sensors show a
small reduction in resistance around 5% elongation. We hypothesize that precipitated
nanoparticles are brought closer in the vertical direction as the sensor is stretched
horizontally leading to a competing enhanced conductance. On stretching the sensor
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Figure 3-4: Strain sensor design and performance. A. Cross sectional schematic
of the strain sensor. B. Scanning electron microsope image of the silver trace sandwiched between ELA regions on each side (Scale bar 5µm). C. Strain response of the
strain sensor for various strain levels. The response is linear for ∼5% strains with
little hysteresis. When stretched to 20% strains, there is significant hysteresis and
nonlinearity.
to 20% strain, the device exhibits hysteresis but shows no remnant offsets over cycles
(see Fig. 3-5A, B). The strain sensors function until mechanical breakage of the
polymer (Fig. 3-5C).
In order to evaluate the expected variation in their performance, sensors were
fabricated in individual printing runs and the results are shown in Fig. 3-6A. A
small variation exists between sensors printed across 5 runs. However, the variation
between the two connected matched sensors in the final composite is expected to
be even lower than shown above due to the devices being in the same composite in
immediate proximity. Further, the steep slope in the resistance-strain curve close
to 0% strain alleviates the effect of a minor mismatch when configured as a resistor
ladder. The average gauge factor of these sensors at small strains (linearized at 2%)
is 136.57 (best device has a gauge factor of 460.81, and the device with the highest
base resistance has a gauge factor of 16.75). This gauge factor compares favorably
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Figure 3-5: Strain sensor under high strain. A. Typical resistance-strain characteristics of a single sensor when stretched to 5% (red), 10% (blue) and 20% (gray).
Multiple cycles of the device performance shown in Fig. 3-4C is shown here. B.
Resistance-strain characteristics of another device with an identical configuration is
shown here. C. Two devices were stretched until failure to observe the failure mode.
Despite the mild nonlinearity at ∼5%, both devices remain functional until mechanical failure of the part caused by the breakage of the elastic matrix. Device 1 failed
when a tear was initiated at 40%, and physically separated in the return to 0 strain.
Point of tear initiation is shown by ‘*’. Device 2 failed at ∼45% strain.
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(same order of magnitude) with previous reports for colloidal nanoparticle based
resistive strain sensors. Prior work has shown that large nanoparticle based resistive
strain sensors show more enhanced hysteresis from increased disorder in the overall
nanoparticle stacking and assembly 54 .
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Figure 3-6: Strain sensor - repeated cycling. A. Sensors were printed in five
individual runs to analyze repeatability of the process. The plot shows the resistance
of these 5 sensors cycled to 5% strain at 10mm/min (50% strain/min). B. To test the
long term performance, the sensors were cycled for 1200s for strains up to 5% (100
cycles at 10mm/min). The plot shows the resistance as a function of time for three
sensors
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3.3

Organic electrochemical transistors (OECTs)
and amplifiers

Our printed OECTs are shown schematically in Fig. 3-7A. The substrate is made
with a thin layer of ELA on top of RIG. The ELA layer is added to tune the surface
energy of the substrate prior to printing the PEDOT:PSS layer. Both the channel and
the gate are made with PEDOT:PSS and are bridged by a water-based electrolyte
containing potassium ions. The electrolyte is encapsulated inside a well that defines
the channel dimensions. Further, the sidewalls ensure that the silver contacts are
not exposed to the halide rich environment, preventing large leakage currents 55 . The
channel of the depletion mode OECT is de-doped by the physical movement of metal
ions from the electrolyte when a positive gate voltage is applied:
0
+
–
PEDOT+ PSS – + M+ (aq) + e – −
↽−
−⇀
− PEDOT + M PSS

PEDOT:PSS is by default in the oxidized state. With the application of a positive
voltage on the gate electrode, metal ions from the electrolyte diffuse into the PEDOT:PSS channel due to the presence of an electric field. The metal ions de-dope
the material reducing PEDOT to the neutral state. PEDOT exhibits an optical
contrast between its oxidized (transparent) and reduced states (opaque).
PEDOT:PSS based OECTs operating up to ∼1 kHz have been demonstrated so
far and are capable of amplifying cellular signals 56 . Typically the speed is limited
by the reduction front in the device, which can be improved by utilizing different
topologies using carbon paste as the source and drain contact 57 . Figure 3-7B shows
a scanning electron microscope (SEM) image of the PEDOT:PSS layer (∼1 µm thick
sandwiched in ELA). Transfer characteristics of a transistor with channel width (W)
500 µm and length (L) 1500 µm are shown in Fig. 3-7C, where the gate-source voltage
(Vgs ) is varied from -0.5 V to 1.25 V, with the drain-source voltage (Vds ) set to -0.5 V.
The on/off current ratio is 9.65×103 with a peak transconductance (gm ) of 5.61 mS
(this corresponds to gm /W = 11.22 S m-1 ) and an average subthreshold slope of 152.4
mV/dec (Fig. 3-8A). The current-voltage characteristics are shown in Fig. 3-7D. The
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Figure 3-7: Printed organic electrochemical transistor (OECT). A. Schematic
cross-section of the transistor. B. Scanning electron microscope image of the PEDOT:PSS layer (scale bar is 1 µm). C. Transfer characteristics of the printed transistor at Vds = -0.5 V. D. Ids - Vds curves for different gate voltages.

switching times of the transistor are typically asymmetric due to the reduction front
in the off state, where the off → on transition is slower than the on → off transient
(Fig. 3-8B). This is due to the reduction front in the previous off state extending
towards the electrodes (drain) which prolongs the subsequent switching to the on
state in the next cycle. Figure 3-8C shows the transfer curves of 6 transistors printed
in multiple runs. The current-voltage characteristics of a diode-connected transistor
are shown in Fig. 3-8D.
The transistor can be connected to an active load to form the amplifier (as shown
in Fig. 3-9A), where the gain is proportional to the load resistance (input-output
characteristics shown in Fig. 3-8D). Here, the channel length of the diode connected
transistor is 2L (3000 µm). As the mismatch between the channel lengths of the
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Figure 3-8: Transistor specifications. A. The transfer curves of the device shown
in Fig. 3-7C, showing the subthreshold slopes during the forward cycle (123.03
mV/dec) and the reverse cycle. Transconductance, gm , peaks to 5.61 mS, near 0
V gate voltage. B. Switching time of the transistor is limited by the off → on transient switching time. Transistor has width, W = 500 µm and length, L = 1500 µm.
With the drain-source voltage set to -0.5 V, the exponential off → on state switching
rise time is 234.15 ms. C. Transfer curves showing the drain current and gate current
measured as a function of gate voltage for 6 separate transistors printed in 3 different
printing runs. Transistors show similar on/off ratios and transport properties. D.
Current-voltage characteristics of two different diode connected transistors showing
the voltage dependent effective resistance. The larger transistor is more effective as
an active load for a common source amplifier showing a larger change in the resistance
with voltage due to its proportionately larger channel (width, W = 500 µm)
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Figure 3-9: Single-stage common source amplifier. A. Photograph of a transistor amplifier with a diode connected load. Transistor width, W = 500 µm and length,
L = 1500 µm. The diode connected transistor has a length 2L = 3000 µm. B. When
instead the transistors are matched, i.e., L1 = L2 , the maximum gain is centered
around Vin = 0 V. C. Input - output characteristics of the mismatched device shown
in ‘A’ where L2 = 2 L1 . Here the maximum gain is higher but the mismatch shifts
the bias point for maximum gain away from 0 V.
load and the active transistor is increased, the output swing reaches closer to the
ideal rail-to-rail switching characteristics while simultaneously shifting the maximum
gain bias-voltage higher (see Fig. 3-9B & C). For the design of the amplifier a diode
connected active load was chosen over a passive load to improve the gain. The currentvoltage characteristics of the diode connected load (see Fig. 3-8D) shows that the
longer device has a higher small-signal impedance. This results in the gain of the
amplifier with the larger load being higher compared to the case where the channel
dimensions are matched.

3.4

Electrochromic pixel

The design of the electrochromic pixel is largely similar to that of the transistor (Fig.
3-10A). The electrochromic pixel is a two terminal device that is used to control the
oxidation state of the larger PEDOT:PSS patch. As the voltage on the smaller control
electrode is increased, the PEDOT:PSS layers that make up the pixel are brought to
the de-doped neutral state along with an increase in opacity as shown in the image
in Fig. 3-10B. The transmission through the pixel is quantified using a spectrometer
52

A

C

0.6
Control voltage = -0.5V

Transparent
capping layer

Electrolyte

Ag contacts

Elastic
sidewall

Clear substrate
Electrochromic pixel

B
Control voltage
-0.5V
0V

0.5V

1V

1.25V

Transmission factor

Control voltage

0.4

0V
0.5V
1V

0.2

1.25V

0
400

500

600

700

Wavelength (nm)

Figure 3-10: Electrochromic pixel. A. Cross sectional schematic of the electrochromic pixel. B. Optical images of the pixel as the voltage on the control electrode
is cycled from -0.5 V to 1.25 V. The circular pixel is ∼3 mm in size. C. Optical transmission through the pixel as a function of wavelength for different control voltages,
normalized with respect to direct transmission through a 2 mm aperture.
and shown in Fig. 3-10C as the function of the wavelength of light. Nearly half the
light can be blocked by switching the control voltage from 0 V to 1.25V.
Further, as shown in Fig. 3-11, the printed electrochromic pixel can be coupled
with liquid filled microchannels within a single composite. This is traditionally a
challenging task in conventional microfabrication. Force coupling through the channel
is obtained here by encapsulating a transparent mineral oil. This device allows control
of both the transparency and surface texture/shape as shown in Fig. 3-11C.

3.5

Integrating the parts

All the parts described in detail earlier are composed together in a single composite
(design presented in Fig. 3-2). The strain sensor (R2 ) based resistor ladder, common
source amplifier, and the transparency modulator are connected together as shown
in the circuit in Fig. 3-12A. The fully printed device is pictured in Fig. 3-12B.
Transistors M1 and M2 are made identical in channel geometry to achieve maximum
gain at ∼ 0 V, which is the default voltage at the intermediate node in the resistor
ladder. In this default state, the voltage across the pixel is ∼ 0.7 V, leaving it in a
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Figure 3-11: Device with fluidic coupling to control transparency and shape.
A. Cross sectional schematic of the electrochromic element integrated monolithically
with a microfluidic device. The fluidic channel is designed to be 500 µm thick. When
a force is applied on the large enclosed reservoir, it is transmitted through the fluid
and causes the elastic membrane below the electrochromic pixel to deform. B. Photograph of the fully printed device with 6 materials. Inset shows the cross section of
the internal microchannel (scale bar - 200 µm). C. This allows control of both the
optical transmission and shape. The control voltage is used to change the transmission. The encapsulation of fluids seamlessly with electronics demonstrates potential
in microfluidics and in actuation.
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dark state. As R2 is stretched, the voltage input to the amplifier is positive, leading
to a drop in the voltage across the electrochromic pixel. Figure 3-12C shows two still
images from a video of the fully integrated system, highlighting the color change as
the regulator (R1 ) and the sensor (R2 ) are deformed. The close-ups show the red
channel image of the electrochromic pixel.
The monolithic integration of sensing, processing and response mechanisms shown
here allows transducing signals across mechanical, electrical, and optical domains
using organic processors and sensors that can be powered by 1.5 V. Merging hydraulics
and electronics within a single composite containing soft materials allows control
of both the shape and color as shown earlier. Overall, the biggest challenge is in
integrating power sources within the composite. Reducing the need for external power
sources (and wires) would be an important direction toward self-sufficiency in these
autonomous sensory composites. Controlling multi-domain properties with uniform
resolution and without any external processing should enable advances in biologically
inspired autonomous multi-functional systems with increased levels of self-sufficiency.
With room for miniaturization and a prospect for using biocompatible structural
matrices, this approach could lead to compact autonomous systems that interface
with or support natural biological systems.

3.6

Experimental methods

The experimental methods relevant to this chapter are summarized here. The full
details of the printing process are in the previous chapter. Specific notes on the inks
and characterization are included below.
Note on inks: The full list of inks and their complete formulations is in the appendix.
Inks used here were prepared in our wet lab from constituent materials bought from
different commercial vendors. Each ink was optimized for desired functional properties and subsequently had its rheological properties tuned as described previously
to make it suitable for inkjet printing. Silver ink was prepared based on an ethanol
based formulation using an approach described in a patent 58 . A neutral PEDOT:PSS
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Figure 3-12: Integrated autonomous sensory composite. A. Equivalent circuit diagram of the strain sensor ladder, the common source amplifier with a diodeconnected transistor load, and the electrochromic pixel. (V1 = 1.5 V, V2 = -1.5
V) B. Photograph of the fully 3D-printed autonomous sensory composite shows a
strain sensor linked to an electrical amplifier that modulates the transparency of the
electrochromic pixel. This composite transduces signals across multiple domains. C.
Output at the electrochromic pixel when the left (R1 ) and right (R2 ) strain sensors
are extended. At rest, the pixel is in the dark reduced state due to the default
voltage (∼0.7 V) across the pixel. Transparency is increased when R2 is extended,
and the voltage across the pixel drops closer to 0 V. Contrast enhanced red channel
information from the frames are shown in the monochrome close-up.
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based formulation (CleviosTM P Jet 700N, Heraeus, Leverkusen, Germany) was mixed
with 5% dimethyl sulfoxide (A13280 dimethyl sulfoxide, 99+%, Alfa Aesar, USA) to
prepare the PEDOT:PSS ink used here. The liquid electrolyte used for the gate is a
0.1M solution of potassium chloride in deionized (DI) water, mixed with glycerol.
Characterization and electrical testing: Wires were attached to the open textured contacts with low temperature curing conductive silver epoxy (MG Chemicals
8331 Two-part silver conductive epoxy adhesive, Amazon, USA). The attached wires
were left undisturbed overnight for the epoxy to cure at room temperature. Typically
devices were tested two days after printing for uniformity. All devices were printed
and stored in ambient conditions exposed to open air. It was observed that the encapsulated solution does not evaporate at least until 1-2 weeks after print. Mechanical
stress-strain tests for supporting UV curable polymer materials were performed with
Instron 5944 (Instron, Norwood, MA, USA), a single column table top mechanical
testing system. Surface profile measurements of the textured contact were obtained
using a GelSight Benchtop Scanner (GelSight Inc., Waltham, MA, USA). Printed
strain sensor characterization was performed by using the Instron 5944 to strain cycle the sample, while the resistance was measured using a Keithley 2911B sourcemeter
with 100 mV applied across the sample. Steady state transistor characterization and
amplifier measurements were performed using an Agilent 4155C Semiconductor Parameter Analyzer. To measure the transient characteristics of the transistors, an
Agilent 33250A signal generator was used to generate the gate voltage control pulse
(-0.25 V low voltage, 1V high voltage, 50% duty cycle, 0.1 Hz frequency, for measurement in Fig. 3-8B ), while the drain current was measured using the Keithley
2611B sourcemeter. Transmission spectra were measured using a spectrophotometer
(X-Rite Color i5 Benchtop Spectrophotometer, X-Rite Inc., Grand Rapids, MI, USA)
using a Keithley 2611B as the control voltage power source.
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Chapter 4
Polymer swelling induced residual
stress

Material processing steps affect the final mechanical properties significantly, and
frequently, the resultant residual stress is an important consideration. The role of
residual stress in thin-film fabrication has been well studied and modeled, for instance
in microfabrication processes 59,60 . Residual stress is broadly a result of gradients in
the processing environment, often in the temperature and precursors, and standard
techniques have been developed to measure this 61 . Effects of residual stress are rife
in 3D-printing processes - gradients are easy to occur in techniques that utilize a repeated layering approach. Non-uniform residual stresses result in warping in most 3Dprinting techniques including Fused Deposition Modeling (FDM) 62 , Selective Laser
Sintering (SLS) & Selective Laser Melting (SLM) 63 and temperature/environment
control systems are an important part of industrial printers.
Residual stress in parts printed from UV-curable resins and inks have a fundamentally different source. In processes like drop-on-demand 3D-printing, all layers receive
different UV doses at the end of the print - the first deposited layers are exposed to
Contents of this chapter are adapted with permission from - S. Sundaram, D. S. Kim, M. A.
Baldo, R. C. Hayward, W. Matusik, “3D-printed self-folding electronics”, ACS Appl. Mater. Interfaces , 9 (37), 32290-32298 (2017). https://pubs.acs.org/doi/abs/10.1021/acsami.7b10443
[Copyright American Chemical Society]
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many passes of the UV source, while the last layers are exposed to much less UV
doses. An optimized process should aim to produce parts with an uniform degree
of crosslink through the entire part - and preferably full-crosslinked layers uniformly
through the depth. However, this is complicated by two factors: (i) crosslinking
results in shrinkage, and (ii) there is a delay between the formation of crosslinks
and reaching the shrunk state 64 . Therefore, avoiding residual stress completely in
drop-on-demand 3D-printing is challenging. Residual stress results in the typical
degradation of mechanical properties of polymers 65 . Furthermore, the shrinkage of
UV cured parts causes a departure from the expected dimensions of a printed part.
In this chapter, we show that shrinkage can be avoided by controlling the degree of
crosslinks during the printing process. Additionally, we demonstrate that residual
stress can be tuned by the amount of polymer swelling.

4.1

Printing materials with residual stress

We observed that one of our elastic material formulations seemed to expand significantly on peeling after printing, in contrast to parts that tend to shrink when UV
cured. Much of the following experiments and characterization were motivated by
this initial observation. We henceforth refer to this material as the residual stress
material (STR). STR is prepared by mixing 53.1 wt% CN3105 (Sartomer USA, Low
viscosity acrylic oligomer), 18.8 wt% SR440 (Sartomer USA, isooctyl acrylate), 17.7
wt% SR504 (Sartomer USA, ethoxylated nonyl-phenol acrylate), 8.85 wt% Genomer
4215 (Rahn USA Corp., aliphatic urethane acrylate), 1 wt% Irgacure 819 (BASF Germany, bis(2,4,6-trimethylbenzoyl)- phenylphosphineoxide), 0.5 wt% ITX (Rahn USA
Corp., 2-isopropylthioxanthone), 0.05 wt% MEHQ(Sigma-Aldrich USA, methoxyphenol). The different components are homogenized and left to mix overnight using a
magnetic stirrer. Finally the ink is filtered using a 1µm filter and degassed using a
vacuum pump to remove small bubbles. When a few layers (∼ 50) of this material
are printed and removed from the printer platform, its expansion is easy to observe.
To check if the ability to expand on crosslinking is an inherent property of the
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material, it was also cured in a single step using a high intensity (14 W cm−2 at 365
nm, UV Fusion) broadband UV source outside the printer. Upon release from the
mold, the cured piece does not expand, but instead shrinks slightly as a result of the
formation of crosslinks, in contrast with the printed samples. We conclude that the
residual stress enabled expansion is not merely a property of the ink alone but also
the layer-by-layer deposition scheme as a part of the 3D-printing process. To better
understand this, we performed an array of characterization measurements which are
now described.
We started by testing whether the printed samples swell in the starting ink. To
quantify the swelling tendency of the crosslinked polymer in the ink components,
samples (cured fully in a single step) are allowed to swell by immersion in each of the
individual ink components. The plot in Fig. 4-1 shows the swelling behavior of an
externally cured sample of the polymer used to create residual stress. To characterize
the inherent swelling of the material, and to remove any effect of the printing process,
a 1 mm thick slab of the polymer was obtained by a single step curing process using a
broadband UV source (with intensity ∼ 14 W/cm2 at 365 nm). 0.8” × 0.15” samples
were immersed in each component, where the plots show the swelling along the length
of the samples after 1 hour, 3 hours and 1 day. The swelling results show that SR440
(isooctyl acrylate) plays a dominant role (causing ∼ 10 % expansion in each dimension
of a 1 mm thick slab, after 1 hour), while all other individual components lead to
negligible swelling over the same time.
This can be attributed in part due to the nature of the side chains of the acrylate
components. SR440, SR504 and SR313B include an isooctyl group (C8 H17 chain),
ethoxylated nonyl phenol group (C23 H39 O4 group which includes a phenol group)
and a dodecyl group (C12 H25 chain; methacrylate) respectively. It is expected that
SR440 diffuses the most due to its low molecular weight and shortest side chain,
though multiple other factors may be relevant. SR 313B does not enhance the swelling
and was observed to further limit expansion when used as a part of the crosslinked
polymer. SR313B is therefore not used in the formulation of the stress layer (STR)
ink.
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Figure 4-1: Swelling of UV cured polymer samples in different components
Genomer 4215, an aliphatic polyester urethane acrylate is mixed with CN3105 (1:6
by weight, as used in the final ink) due to its high viscosity. It is evident that SR440,
the isooctyl acrylate plays a dominant role in the swelling even after 1 hour. Each
layer in the 3D-printing process is ∼ 17 µm. Assuming a purely diffusive process,
(diffusion time, t ≈ x2 /2D), swelling of a 1 mm thick sample after 1 hour corresponds
to the amount of swelling of each printed layer after ∼1.04 s.
It is important to note that during the actual printing process, the uppermost
printed layers are exposed to one pass of the 0.9 W cm−2 UV source before exposure
to fresh ink. Therefore diffusion is expected to be further enhanced in the printing
process compared to the single-step fully-crosslinked samples. After small molecules
diffuse into the underlying layers, they are crosslinked into the existing network with
subsequent UV curing passes.

4.2

Role of crosslink density

To measure the actual degree of crosslinking in samples printed in our printer, we
used Fourier Transform Infrared (FTIR) attenuated total reflection (ATR) spectra for
a range of samples, cured with various intensities and number of curing passes in the
printer. Figure 4-2 shows the FTIR ATR spectra measured on sample surfaces after
1 curing pass of the UV light (0.3 W cm−2 and 0.9 W cm−2 ) along with the starting
ink and fully crosslinked samples for comparison. FTIR spectra were obtained using
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Figure 4-2: Sample FTIR spectra of STR with varying crosslink density.
Panel of plots show representative FTIR ATR spectra measured on the surface of
samples that are fully crosslinked, and samples cured by 1 pass of the UV light (0.3
W cm−2 and 0.9 W cm−2 ) along with the starting ink. The vinyl and carbonyl group
peaks are seen at ∼1705 cm−1 and ∼ 809 cm−1 respectively.
the Thermo Fischer FTIR 6700 Fourier Transform Infrared Spectrometer setup in the
ATR mode with a Silicon crystal. Spectra were measured on three samples on the
surface for each data point. The reactive double conversion is measured by normalizing the absorption peak of the “ – CH – CH2 ” group with respect to the “ – COO – ”
group 66 . The ratio between the absorbance of the vinyl group (809 cm−1 ) with respect
to the carbonyl group (1705 cm−1 ) is used to measure the monomer conversion percentage. Reaction conversion is obtained by using the starting ink (Avinyl /Acarbonyl )ink
as the 0 % conversion reference and the samples with 4 curing passes with the UV
fusion (Avinyl /Acarbonyl )UVfusion as the fully-crosslinked reference.
The effect of the UV intensity and number of UV curing passes is seen more
clearly in the plot in Fig. 4-3A. It is observed the double bond conversion of the
lightly crosslinked layer (one pass with the default 0.9 W cm−2 intensity source) is ∼
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Figure 4-3: Double bond conversion and cure depth. A. The double-bond
conversion percentage is calculated as a function of the UV light intensity and the
number of curing passes from the Fourier transform infrared (FTIR) attenuated total
reflection (ATR) measurements on the surface of the samples (three samples for each
data point). B. Plot of the cure depth measured as a function UV light intensity and
the number of passes.

77 %; samples reach near full double bond conversion after 3 passes (from 3 samples
for each data point). In all these tests with multiple curing passes, new ink was
not added to understand the effect of the UV curing passes alone, in contrast to the
printing process where ink is added. Figure 4-3B shows the measured cure depth at
these intensities and number of passes. This is the thickness of the crosslinked solid
layer, or the effective penetration depth of UV light in terms of crosslinking the ink.
Typical cure depth after 1 pass of the UV light at 0.9 W cm −2 intensity is ∼ 150 µm.
As described earlier, during the printing process there is a gradient in received UV
dosage going from the uppermost printed surface (latest) to the first printed layers.
To perform a controlled study of the equivalent initial strain in the samples without
dosage gradients along the thickness, we performed the subsequent measurements of
gel fraction and linear strain using single step cured samples of a controlled thickness.
For the thickness of layers to be meaningful, i.e., without significant gradients in the
crosslink density along the depth, we try to constrain this value below the cure depth
at each UV intensity. To understand the strain in the printed layers, we UV cured
multiple samples with one pass of the UV light with different intensities (controlling
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Figure 4-4: Linear strain due to swelling and mechanical properties. A.
Measured linear expansion in one dimension as a function of double-bond conversion
for different swelling times (samples are ∼ 125 µm thick). The samples are prepared
using single curing passes with varying UV light-emitting diode (LED) intensities. As
printed, the samples shrink by < 1 % typically. These samples with one-shot curing
are expected to show isotropic swelling. The plot also shows the measured gel fraction
of samples as printed. B. Elastic modulus values are measured for the samples after
one UV curing pass at various light intensities (0.3, 0.6, and 0.9 W cm−2 using the
printer and ∼14 W cm−2 using a high-intensity broadband source, UV fusion).
the double bond conversion). The measured increase in one dimension (averaged
from 4 individual samples) is plotted as a function of double bond conversion in Fig.
4-4A. In these experiments the cured samples were soaked in the starting ink of the
residual stress material for different amounts of time to control the swelling. It is
observed that the resulting strain increases with swelling time. It is to be noted that
these experiments were performed with a spacer of thickness ∼ 125 µm for handling
despite this being close to the cure depth at lower UV intensities; samples with 0.3
W cm−2 curing were very fragile and easy to tear. It is noteworthy that diffusion
time is proportional to the thickness squared; 10 min swelling experiment conducted
on a 125 µm sample corresponds to ∼ 10 s of swelling a 17 µm layer. Additionally,
the experiments are conducted at room temperature, however, in the actual printing
process the droplets leaving the printhead leave at an elevated temperature and would
experience increased diffusion. The measured increase in the length can be translated
to an isotropic increase in all the three dimensions for single-pass cured samples
swelling in the starting ink. During the printing process the scenario is different with
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Figure 4-5: Mechanical strain tests of printed STR. Measured stress plotted
as a function of strain for three printed stress layer samples each ∼ 7.2 mm wide,
measured at a strain rate of ∼ 10 % per minute for each sample. The linear elastic
modulus of the averaged stress-strain curve is 1.076 MPa at 0.5 % strain

isotropic stresses only in the in-plane directions but not out-of-plane. The figure also
shows the gel fraction of as-printed samples for various double bond conversion levels.
Figure 4-4B shows the elastic modulus of samples at different levels of double bond
conversion. The modulus improves with the degree of double bond conversion as
expected. The stress-strain relationship for multiple printed samples with multiple
layers is shown in Fig. 4-5. The typical elastic modulus of printed multilayer STR
samples linearized at 0.5 % strain is 1.08 MPa.
More broadly, the mechanical properties of STR depend on the glass transition
temperature 𝑇𝑔 and its relative position with respect to room temperature. Figure
4-6A and B, show the differential scanning calorimetry (DSC) measurements for RIG
(for comparison) with STR. The material with the residual stress is well into the
rubbery state at room temperature. This is also seen in the dynamic mechanical
analysis (DMA) data shown in Fig. 4-6C & D. STR has a high loss modulus at
room temperature, and the tan 𝛿 peak is below room temperature in this case. In
comparison, RIG at room temperature is below its glass transition temperature state
and is therefore in its rigid glassy state. These measurements to an extent also
indicate the expected polymer chain relaxation and compliance measurements which
are discussed in more detail in the next chapter.
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Figure 4-6: Differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA) data. A and B show the DSC data for the rigid material
(RIG) and the stress material (STR) respectively. It is seen that RIG shows a broader
glass transition centered at around 50 °C while STR shows a sharper glass transition
below 0 °C and reaches a fully rubbery state at room temperature. C and D show the
DMA measurements of the storage modulus, loss modulus and tan 𝛿 measurements
at 1 Hz cycling frequency for RIG and STR respectively
This chapter demonstrated that residual stress can be induced by polymer swelling.
Small molecules part of the ink can diffuse into lightly-crosslinked layers to not only
avoid shrinkage but even cause expansion in the 3D-printed samples. While residual
stress is usually considered a problem, these ideas can be used to effectively counter
the conventional shrinkage issue resulting from the formation of crosslinks. It is evident that the process parameters like UV intensity and number of passes help in
tuning the degree of crosslinking which controls the amount of polymer swelling. In
the next chapter, we describe how the generated residual stress can be use favorably
to create self-folding composites that require no controlled stimulus, and how this
enables 3D electronic composites.
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Chapter 5
Self-folding electronic composites

5.1

Shape transformation in electronics

Programmable shape transformation strategies offer a wide range of advantages in the
context of device fabrication. Not only do they help speed up the fabrication process,
these techniques also provide access to complex geometries that are hard to fabricate
directly. Recently, programmable matter and self-assembled structures have highlighted a range of applications that unify physical shape and overall function 10,67 . For
instance, advances in robotics 68 , photovoltaics 69 , antennas 70 , biomimetic imagers 71 ,
and inertial measurement units 72 present a compelling set of devices where electronics
have now evolved to non-traditional complex architectures. Adapting contemporary
planar electronics, which have high performance, to three-dimensional geometries,
however, has been a challenging task. This is currently being tackled using a variety of techniques such as: droplet wetting to induce self-folding 69 , manual folding of
silicon pieces with interlocks 72 and compressive buckling of thin silicon membranes
bonded on pre-stretched materials 73 . The general approach thus far is to create the
Contents of this chapter are adapted with permission from - S. Sundaram, D. S. Kim, M. A.
Baldo, R. C. Hayward, W. Matusik, “3D-printed self-folding electronics”, ACS Appl. Mater. Interfaces , 9 (37), 32290-32298 (2017). https://pubs.acs.org/doi/abs/10.1021/acsami.7b10443
[Copyright American Chemical Society]
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electrical device on planar silicon using microfabrication techniques, and subsequently
shape it using different methods. These shaping techniques have the advantage of being directly applicable to planar-fabricated silicon-based electronics. However, they
tend to be device specific, constrained in possible geometries, or not easily scalable.
A process that creates electrical function within a complex 3D structure seamlessly
is of significant practical importance, and is therefore an active area of research.
Outside the confines of traditional electronic device fabrication, a broad set of
origami and kirigami-inspired techniques have been extensively explored as potential routes to fabricating complex 3D structures thus far 67,68,74–80 . Demonstrations of
material folding have spanned several orders of magnitude in length scales, utilizing
a disparate set of mechanisms 74 including: controlled buckling 73 , shape memory effect in composites 75,76 , pneumatically driven transformations 77 , thermally controlled
swelling in hydrogels 78 , photo-induced folding and manipulation 79–83 , residual stress
induced curling 84 , and controlled formation of creases 85 . More recently, additive
manufacturing has been used to create 3D structures using shape transformation
techniques.

5.2

4D-printing

3D-printing techniques have been used to create 3D structures that evolve over time
with controlled stimuli. These techniques - broadly referred to as 4D-printing 86–88 ,
with time being the 4th dimension - typically use temperature-controlled shape memory polymers, or hydrogels that swell in a solvent. Folding flat, printed composites
into complex structures has additional benefits over directly printing the final 3Dstructure, typically in the overall fabrication speed, cost, and ease of scaling. Furthermore, when solvent based inks are used (as is typical for a majority of electrically
important materials) folded geometries may not be directly 3D-printed due to challenges from droplet spreading and non-uniform film thicknesses. This has generated
considerable recent interest in 4D-printing - enabling structures that change dynamically thus allowing the shape to be controlled over time 89–94 . While there have been
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attempts to embed packaged electronics inside 3D-printed structures 95,96 to improve
their overall functionality, 97 achieving fully 3D-printed electronics that self-fold is a
current challenge. A first step in this direction is shown in a recent report where conductors are inkjet-printed on top of flattened 3D-printed shapes that can be restored
to their original shapes using the shape memory effect 98 . Similarly, electrically conductive shape memory materials have also been 3D-printed via direct ink writing 99 .
Despite the tremendous interest in shape transformation in 3D-printed structures,
there are several practical challenges that exist in expanding these structures to include printed electronic devices. The two common classes of mechanisms used for
self-folding in 3D-printed structures are based on the temperature controlled shapememory effect in polymers and the controllable swelling of hydrogels in water and
other liquids 66 . The main focus of these approaches is the ability to achieve reversible
self-folding, which is a significant advantage. The required stimuli, i.e., temperature
cycling and immersion in liquids, however, may not desirable for use with electronic
devices. This is particularly relevant if the electrically active materials of the selfshaping composite may degrade with temperature cycling or exposure to humidity.
Controllable folding with the ability to engineer stress at multiple positions is more
favorable for electronics applications that do not require reversible shape change. Recently, a temperature input (in a system of polymers with different coefficients of
thermal expansion) was used to accelerate folding based on an inbuilt strain 100 . This
is an elegant method that can create rapid folds. However, the use of a commercial
printer with proprietary inks (that by default uses a flattening roller) makes it challenging to identify the stress creation mechanism. Furthermore, electrically relevant
materials cannot be printed with this system, which is a key consideration.
In this chapter, we present a new approach to fabricate composites that can self
fold. Importantly, these composites can contain electrical materials and devices, and
do not have to be subjected to heat, or dipped in a solvent to initiate folding. This is
achieved by merging regions with residual stress (described in the previous chapter)
with a rigid but flexible substrate to generate folds. The whole composites are 3Dprinted together, and both concave and convex folds can be obtained by controlling
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the location of the regions with residual stress. The overall scheme is shown is Fig.
5-1. The crosslinked material with the residual stress STR, swells significantly in the
starting ink containing small molecules (with pronounced swelling in isooctyl acrylate). During the layer-by-layer printing process here, each underlying cured layer
(∼ 17 µm in thickness) is automatically exposed to new ink which diffuses into the
partly crosslinked layer below before the UV light passes over it. This causes the material to have an inherent residual stress that forces it to expand when unconstrained
(removed from the print platform) as described in the previous chapter. This is illustrated in the bottom right of the scheme in Fig. 5-1, where the ink before curing
is shown in yellow and the lightly crosslinked upper layers are shown in green (the
colors correspond to the same residual stress material before and after curing).

5.3

Self-folding bilayer

To study the effectiveness of using residual stress to create folds, we used a bilayer
geometry - STR (with residual stress) on top a rigid but flexible layer of RIG. For these
experiments we printed the geometry shown in the inset of Fig. 5-2A. The expansion
in the stress layer exerts a surface load on the rigid polymer causing the structure to
bend, with a uniform radius of curvature, 𝑟𝑑 . To characterize the folding, multiple
bilayer structures are 3D-printed and the folding angle is measured as a function of
the thickness of the stress layer over time. The thickness of the rigid layer, 𝑡𝑟 , is 99.9
µm ± 4.3 µm, the width, W, is 4 mm, and the stress layer thickness varies from 71.95
µm to 270.9 µm. The printed samples are peeled from their flat state and kept at a

controlled temperature (25 °C). The folding angle, 𝜃𝑑 , is measured as a function of time
for multiple designs and shown in Fig. 5-2A with each point showing measurements
from 3 samples. It is observed that the folding angle increases with the stress layer
thickness (in this range) until 1000 min, and the angle continues to increase over time
showing no saturation up to 3000 min. When no stress layer is added (as negative
control samples), the rigid layers themselves do not show any noticeable folding over
time. In order to design new structures, understanding this temporal behavior in the
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Figure 5-1: Electronic composites that self-fold. At the heart of this scheme is
a UV curable ink containing acrylate oligomers, and short-chain monomers (such as
isooctyl acrylate). As a part of the layer-by-layer inkjet based 3D-printing process,
each previously cured (lightly-crosslinked) layer, ∼ 17 µm thick, is exposed to uncured
ink from the subsequent layers. The small molecules from the ink swell the underlying
cured layers and create local residual stress, as described in the previous chapter.
The full composite containing active electronics, metallic traces and the substrate
is 3D-printed. On removing the 3D-printed structure from the print platform, the
composite spontaneously folds in a shape based on the locally engineered residual
stress, requiring no stimulus at room temperature. Both the circular close-ups shown
in the bottom only show the residual stress material, before and after curing; the
rigid material is not linked to the stress generation mechanism. Concave and convex
folds of desired angles can be created by controlling the material placement and the
design geometry. In this scheme, the active electronics are electrically connected by
a stretchable conductor printed within the same system.
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Figure 5-2: Characteristics of the bilayer system used for creating folds. A.
Plot shows the measured folding angle with time after peeling the bilayer geometry
from the printer platform. The inset show the bilayer device geometry and the corresponding variables. B. The plot shows the inverse of the creep compliance of the
rigid material at 25 °C, 35 °C and 45 °C. The material shows a rapid increase in the
compliance until ∼ 30 min, after which the increase in creep compliance settles to a
slower rate. The modulus drops by more than one order of magnitude between the
start and 10 hours into the creep test. The inset shows the relaxation modulus of
the stress layer material (STR). The relaxation modulus shows a negligible drop after
200 min (in the stress relaxation experiment). Further, there is no significant change
in the base stiffness of the material as the temperature is increased to 35 °C since the
material is well into the rubbery regime.

folding angle and its relationship with geometry is important.
From the DSC and DMA measurements of the two materials, RIG & STR described in the previous chapter, it is evident that the cured polymer RIG is below its
glass transition temperature (∼ 50 °C) while STR’s glass transition temperature is
-10 °C. Since the rigid layer is close to its broad glass transition regime, the dynamics
are largely expected to be limited by the relaxation timescales of RIG. To understand
the timescale of polymer chain relaxation in the rigid material, creep compliance measurements are performed using DMA, and the results are shown in Fig. 5-2B for 25
°C, 35 °C and 45 °C. The inverse creep compliance drops by approximately an order

of magnitude by 600 min, and the rate of decrease rises as the temperature is brought
closer to 50 °C. It is also observed that drop in the inverse creep compliance slows
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down beyond ∼20 - 30 mins after application of the load. Meanwhile, it is observed
that the relaxation modulus of STR shown in the inset, is ∼ 0.9 MPa and shows
little change with time and temperature, confirming that the STR is in a completely
rubbery state. To confirm that the change in the folding angle with time is a result of
the increasing rigid material (substrate) compliance, we repeat the measurements of
the folding angle for multiple designs at elevated temperatures (35 °C and 45 °C). At
these slightly elevated temperatures, the sharper drop in the inverse creep compliance
results in larger folds and saturation of the folding angle after 100 min and ∼ 10 min
at 35 °C and 45 °C, respectively, for the same set of designs (Fig. 5-3A). It can be
seen that the effective modulus of the rigid material falls below ∼ 100 MPa at these
time intervals from Fig. 5-2B. This apparent threshold for saturation of folding can
be understood from a first order bilayer model.

5.4

Modeling the self-folding system

A simple model of the bending system described here consists of a stack of two
linear elastic materials. As described earlier, we can model this system, as a thin,
rigid material of thickness, 𝑡𝑟 , and a layer of material with residual stress (STR)
of thickness, 𝑡𝑠 . The corresponding elastic moduli (𝐸, in general) are 𝐸𝑟 and 𝐸𝑠 .
The planar moduli for the two materials can be written as 𝐸˜𝑟 = 𝐸𝑟 /(1 − 𝜈𝑟2 ) and
𝐸˜𝑠 = 𝐸𝑠 /(1 − 𝜈𝑠2 ). For the two materials in this work, 𝐸˜𝑟 ≫ 𝐸˜𝑠 , typically by 2 - 3
orders of magnitude. In this case, the bottom rigid layer can be assumed to undergo
negligible amount of stretching. In a general case, the initial energy stored in the
upper residual stress layer can be used as the input energy to deform (bend) the
bilayer stack. There are two limiting cases of interest here: (i) the thickness of the
stress layer (top layer) is small (𝑡𝑠 < 𝑡𝑟 ), such that a majority of the residual energy
stored in this film is used in bending the rigid layer underneath, (ii) thickness of the
stress layer exceeds that of the rigid layer (𝑡𝑠 > 𝑡𝑟 , 𝐸˜𝑟 ≫ 𝐸˜𝑠 ). In the latter case,
the underlying rigid film can be treated as an inextensible layer that undergoes pure
bending (constant length). The neutral axis of the bilayer stack is approximately at
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Figure 5-3: Bilayer characteristics at elevated temperatures and design
guidelines A. Plots show the time dependence of the folding angle of the bilayer
system used for creating folds at 35 °C and 45 °C. The folding angle shows little variation past 100 min at 35 °C. Samples approach a steady state folding angle after ∼ 5
min at 45 °C. B. The folding angle is shown as a function of the stress layer thickness
at various time instants at 25 °C. The black curve shows the saturated folding angle
at 35 °C (after 300 min). Note that the optimum thickness of the stress layer for
creating larger folds changes with time (due to a larger creep compliance). C. Finite
element analysis (FEA) predictions of the folding angle based on geometry and time
(or equivalently elastic modulus).
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the center of the rigid material when 𝑡𝑟 · 𝐸˜𝑟 /𝐸˜𝑠 ≫ 𝑡𝑠 . Under this condition, the energy
required to bend the rigid material of unit width and length is obtained as
𝑈𝑟 =

𝐸˜𝑟 𝑡3𝑟
24𝑟𝑑2

(5.1)

where 𝑟𝑑 is the radius of curvature. In this configuration the energy component
required to deform the residual stress layer (of unit width and length) to the same
curvature is

[︃ (︂ )︂
]︃
(︂ )︂
2
𝐸˜𝑠 𝑡𝑠𝑠
𝑡𝑟
𝑡𝑟
𝑈𝑠 =
3
+6
+4 .
24𝑟𝑑2
𝑡𝑠
𝑡𝑠

(5.2)

In the folding angle experiments described in Fig. 5-2A & 5-3, the thickness of the
stress layer is increased from 71.95 µm to 270.9 µm. In the upper limit of the stress
layer thickness, the conditions 𝑡𝑠 > 𝑡𝑟 and 𝑡𝑟 · 𝐸˜𝑟 /𝐸˜𝑠 ≫ 𝑡𝑠 are valid. To compute an
estimate for threshold modulus of the rigid material, 𝐸˜𝑟 , below which further softening
of the rigid material does not affect folding angle drastically, the energy required to
deform the residual stress layer should be the dominant part, i.e., 𝑈𝑠 > 𝑈𝑟 . This
results in the condition
]︃
(︂ )︂3 [︃ (︂ )︂2
(︂ )︂
𝑡𝑠
𝑡𝑟
𝑡𝑟
𝐸˜𝑟
<
3
+6
+4
𝑡𝑟
𝑡𝑠
𝑡𝑠
𝐸˜𝑠
and can be approximated to

(︂ )︂3
𝑡𝑠
𝐸˜𝑟
<4
˜
𝑡𝑟
𝐸𝑠

(5.3)

(5.4)

when 𝑡𝑠 > 𝑡𝑟 . For the case when 𝑡𝑠 = 270.9 µm and 𝑡𝑟 = 99.9 µm this threshold ratio
is obtained as 79.7. Using the parameters 𝐸𝑠 = 0.9 MPa, 𝜈𝑠 = 0.44, the threshold
planar modulus for the rigid material, 𝐸˜𝑟 , is obtained to be 88.7 MPa.
Intuitively, as the equivalent elastic modulus of the rigid material (substrate) starts
to drop over time, an increasing portion of the residual energy stored in the stress layer
(expanding material) is used in deforming (bending) itself. Beyond this threshold
modulus of the rigid material, the energy spent in bending the rigid substrate is
negligible, and further reduction in its elastic modulus does not result in an increase
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in the folding angle. It is also evident that at elevated temperatures, increasing the
thickness of the stress layer does not necessarily lead to increasing folding angles
(experimental results in Fig. 5-3A and 5-3B).
Given the geometry of a bilayer stack and its material properties, bending resulting from a stress or swelling can be modelled analytically for simple planar geometries.
So far the bending of bilayer stacks containing linear elastic materials, have been calculated using Timoshenko’s bilayer model or the generalized Stoney’s equations 78,101
and the folding angle is obtained as
𝜃𝑑 =

6𝜀𝜉𝜂(1 + 𝜂)
𝐿𝑠
2
3
4
2
1 + 4𝜂𝜉 + 6𝜂 𝜉 + 4𝜂 𝜉 + 𝜂 𝜉 𝑡𝑟

(5.5)

where 𝜀 is the prescribed strain, 𝜂 = 𝑡𝑠 /𝑡𝑟 , the ratios of the thickness and 𝜉 = 𝐸˜𝑠 /𝐸˜𝑟 ,
the ratio of the planar moduli of the two materials. It is important to note that this
model is not accurate for very tight curvatures when strains are not small, nonetheless
it provides a good approximate estimate of the folding angle. More accurate results,
if desired, can be obtained from finite element method (FEM) simulations. Figure
5-3C show FEM predictions of the folding angle as a function of elastic modulus of the
rigid substrate and the thickness of STR. Note that in our system the time varying
angular deflection results from the variation in the effective elastic modulus of the
rigid substrate as a function of time. But this model requires an equivalent prescribed
strain in the STR layer, resulting from the residual stress. The prescribed strain is
estimated to be 𝜀 = 0.22 ± 0.027; details are below.
To calculate the equivalent prescribed strain, finite element analysis is performed
using COMSOL Multiphysics with the planar strain approximation. The input material properties are measured from experiments. The density of printed samples of
the rigid material and the residual stress material are measured to be 1.1 g/cm3 and
1.165 g/cm3 respectively. A linear Poisson’s ratio estimate was obtained from images of marked samples deformed under an applied load (using the Instron 5944, a
single column mechanical testing system) and were found to be 𝜈𝑠 = 0.44 ± 0.006
and 𝜈𝑟 = 0.28 ± 0.08. The elastic modulus of the residual stress material was kept
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constant in all simulations at 𝐸𝑠 = 0.9 MPa. To obtain the curves in Fig. 5-4A,
the above parameters were used along with values of the effective modulus, 𝐸𝑟 , at
each time instant. The values of the effective modulus (inverse creep compliance at
25 °C) of the rigid material (from Fig. 5-2B) after 5 min, 15 min, 30 min, 60 min,
100 min, 300 min are 1278.8 MPa, 838.8 MPa, 684.2 MPa, 625.9 MPa, 577.4 MPa
and 478.8 MPa respectively. The geometric parameters used in the simulations are
the following: thickness of the rigid layer, 𝑡𝑟 = 99.91 µm, length of the stress layer,
𝐿𝑠 = 4 mm, and length of the rigid layer, 𝐿𝑟 = 15 mm and the width, 𝑊 = 3.25
mm. The prescribed strain (initial strain, isotropic) used in the simulation for each
curve is reported in the legend of Fig. 5-4A. The same procedure was repeated for
the folding angle measurements at 35 °C in Fig. 5-4B (using the corresponding values
from Fig. 5-2B). The average prescribed strains used in all simulations is obtained to
be 0.22 ± 0.027. This single parameter can be used to model the residual force in the
system. It can be seen that at 35 °C, increasing the thickness of the stress layer does
not always lead to increasing folding angles. The average strain in the residual stress
material (∼ 𝑡𝑠 /2𝑟𝑑 ) in the folded state is directly proportional to the thickness of the
residual stress material. Therefore, at the limit when negligible energy is spend on
bending the rigid material, increasing 𝑡𝑠 has to be accompanied by increasing 𝑟𝑑 (or
reducing angle) for maintaining a constant average strain in the material.
The folding angle is plotted as a function of thickness of the stress layer, 𝑡𝑠 , and
the elastic modulus of the rigid material 𝐸𝑟 in the contour maps in Fig. 5-5A, 5-5B
and 5-5C (the experimentally measured angles, results of finite element analysis and
Timoshenko’s equation respectively). It can be seen that Timoshenko’s model (eq.
5.5) underestimates the angle compared to the finite element simulations. Overall, the
finite element simulations model the folding process reasonably well using an initial
prescribed strain of 0.22 in the material, and using the inverse of the time varying
creep compliance as the effective modulus (of the rigid substrate material). However,
it has to be noted that this derived value is expected to be a function of the crosslink
density (controlled by the UV curing technique used in the printing process).
To investigate the effects of high UV dosage and heating on the residual stress
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Figure 5-4: Modeling the folding in the bilayer geometry - extracting prescribed strain A. Plot shows the measured folding angle as a function of the stress
layer thickness when the samples are placed in a temperature controlled oven at 25 °C
(data from Fig. 5-2A) for the initial 300 min. The inverse creep compliance plot from
Fig. 5-2B is used as the effective instantaneous elastic modulus for the rigid substrate
in a finite element simulation in COMSOL using the 2D planar strain approximation.
The other material properties are assumed constant with respect to time. The values
of the Poisson’s ratio for the two materials are measured to be 0.28 (rigid material RIG) and 0.44 (residual stress material - STR). The density of the printed samples
are 1.1 g/cm3 and 1.17 g/cm3 respectively. Along with the above material properties, the elastic modulus of the stress material is assumed to be constant at 900 kPa.
This assumption is reasonable given that the relaxation modulus for the stress layer
(inset of Fig. 5-2B) does not change over time. The solid curves in the figure show
the folding angles from the simulation. The corresponding initial strain used in the
simulation (𝜀) is shown for each curve in the legend. B. The same is repeated for the
measured values at 35 °C. It can be seen that in both ‘A’ and ‘B’, the assumption of a
time varying elastic modulus of the rigid material proves to be a good approximation.
The average strain used in all finite element simulations is 0.22 ± 0.027.
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Figure 5-5: Folding angle measurements and comparison with simulation A.
Contour map of the measured folding angle as a function of rigid substrate modulus
and the stress layer thickness. B. The contour map shows the corresponding values
from the finite element simulation using an initial strain of 0.22. C. The results of
Timoshenko beam theory for the same value of the input strain (𝜀) using the planar
modulus for the materials, 𝐸/(1 − 𝜈 2 ), as input parameters (𝐸 is the elastic modulus,
and 𝜈 is the Poisson’s ratio).

(and the corresponding folding angles), an array of samples were 3D-printed on glass
slides and processed differently. The thickness of the rigid material, 𝑡𝑟 , is 80.1 µm,
the width, 𝑊 , is 3.25 mm and the length of the stress layer, 𝐿𝑠 , is 4 mm. A set of
samples were left as printed. An equal number of samples were exposed to UV light
(5 mW/cm2 at 365 nm) for an hour. Similarly, separate samples were also placed into
the convection oven at 100 °C. All the three sets of samples were removed from the
glass slides and the folding angles were measured after same time interval (15 min).
The corresponding measurements of the folding angle are shown in Fig. 5-6A. Figure
5-6B shows optical images of the set of prints that were peeled with neither excess
UV dose nor excess heating. From Fig. 5-6A, it can be seen that the prescribed
strain used to model the system reduced from the original value, 0.22, to ∼0.1. This
preliminary result shows that both temperature variations and the UV curing process
affect the folding angle. However, measurements of the folding angle of samples made
in the final optimized process can be used to obtain the equivalent initial strain, 𝜀.
81

B

A
As printed
100 °C for 10 min
5 mW/cm2 UV for 1 hour

Folding angle ( º )

80

(ε = 0.217)

60

40
(ε = 0.1)

20

0
0

100

200

300

Stress layer thickness, ts (µm)

Figure 5-6: Effect of heating and high UV dose on the folding behavior. A.
The overall geometry is as shown in Fig. 5-2A with the values 𝑡𝑟 = 80.1 ± 5.8 µm,
𝑊 = 3.25 mm and 𝐿𝑠 = 4 mm. To measure the effect of high UV dose, samples
were exposed to 5 mW/cm2 UV source (measured at 365 nm) for 1 hour before they
were removed from the printed substrate in the flat state. Similarly, identical samples
were also placed in a convection oven at 100 °C for 10 min before being removed from
the printed substrate. Some samples were kept as printed with no additional UV
dose or high temperature exposure. The samples were peeled and the folding angles
were measured after an interval of 15 min in all cases. The measured angles of the
as-printed samples, and samples exposed to additional UV dose and heat are shown
in black, red and blue, respectively. The folding angle for each point is obtained from
three samples, and the error bars show the standard deviation. The solid curve shows
the finite element computation using the actual device geometry, and the initial strain
(0.22). The measurements show a good fit. The input strain is effectively reduced
to 𝜀 ≈ 0.1, for the cases with the high UV dose and heat exposure. We estimate
that the reduction in the two cases is a result of additional crosslinks due to the
hour long UV exposure (limiting the expansion of the stress layer), and polymer
chain realignment due to the high temperatures respectively. B. Optical microscope
images of the samples corresponding to black data points in ‘A’. Scale bar is 1 mm.
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5.5

Self-folding composites

Entire composites that self-fold can be fabricated with our multimaterial printer.
Here, 6 materials are printed together to demonstrate the potential for using this
material system in self-folding electronic composites. While active printed electronics
have been described in previous chapters, it is important to recognize that when
solvent based inks are printed, the underlying substrate has to be locally flat to
restrict movement of the ink during the printing process. It is therefore challenging
to directly print fully-folded composites with embedded electronics, containing curved
structures with overhangs. STR and RIG are used as the overall mechanical structural
materials and act as a substrate for the other materials: an elastic layer (ELA) to
control the surface energy, reactive silver ink 58 to make the contacts, PEDOT:PSS,
and an electrolyte as previously described. STR, RIG, and ELA are UV cured. The
convective heater is used with the reactive silver ink to initiate precipitation of the
silver nanoparticles, and evaporate the solvent in the PEDOT:PSS layers. In the final
device, the applied voltage controls the movement of metal ions from the electrolyte
into the PEDOT:PSS channel. This de-dopes the PEDOT:PSS, leading to a change
in the optical contrast and electrical conductivity as described previously. The design
of the composite and the cross-sectional schematic are shown in Fig. 5-7A. Figure
5-7B shows the printed composite on a glass slide, with the red lines showing the cross
section path. The rigid material and the stress layer form the mechanical substrate
for the electrochromic pixel. The overall thickness of the rigid substrate is ∼425 µm;
in the bilayer portions of the device the thickness is split as a 100 µm thick rigid
layer and 325 µm thick residual stress layer. The elastic material used as a favorable
surface energy coating is ∼ 50 µm thick (3 layers) in a typical device. After solvent
evaporation the thickness of the printed silver trace and the PEDOT:PSS layer are
typically around 10 µm and 1 µm respectively, as described in previous chapters.
After these layers are printed, the electrolyte and the cap regions are completed,
along with the thin protection layer (typically 3 layers) on top of the silver traces.
The silver traces are exposed at the textured contact region for electrical connections,
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Figure 5-7: Design of the electronic composite. A. The cross-sectional schematic
of the self-folding electronic composite showing the 6 different materials (not to scale).
The rigid material and residual stress material form the basic substrate for the electrochromic pixel. The silver ink and the PEDOT:PSS layers are printed on top of ∼
3 layers of the elastic material with suitable surface energy (white). The electrolyte
bridges the control terminal and the electrochromic pixel pattern (PEDOT:PSS). The
rigid material forms a transparent cap for the enclosed electrolyte. The cross section
is drawn along the line mapped in ‘B’ in red. B. Image of the composite as printed,
and another sample a week after it was removed from the print platform. The glass
slide is 2” × 3”, for scale

and are surrounded by rigid material to provide additional stiffness. The composite
is removed from the print substrate and used as is. Figure 5-7B shows a sample 1
week after being removed from the print substrate.
Figure 5-8A shows a printed self-folding structure with an embedded electrochromic
pixel, 5 mins after removal from the print platform. The finite element simulation
of the folded structure (without any fitting parameters) shows a good match, with
most of the stress concentrated in the rigid material at the bilayer regions. The elastic modulus of the rigid material 5 min after application of the load (∼1279 MPa,
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from Fig. 5-2B) and 𝜀 = 0.22 are used for the results shown in Fig. 5-8B. The electrochromic structure utilizes the optical contrast between the oxidized and reduced
states of the PEDOT:PSS film that can be electrically controlled. The stretchable
conductor is subjected to compressive and tensile strains in adjacent folds in the two
legs that provide electrical contacts. The precipitated silver nanoparticle layers that
make up the stretchable conductor remain conductive until mechanical breakage of
the underlying polymer (up to ∼40 % strain) as shown in an earlier chapter. When
the polarity of the control voltage (1 V) is switched, the transmission through the
pixel changes as shown in the inset at the bottom in Fig. 5-8A.
The shape of the composite changes over time, and Fig. 5-8C shows the shape
change in an array of prints over the course of 1 week. While the shape change
over time may be desirable in certain applications, it is equally desirable to achieve
fixed folds at controllable angles irrespective of the external temperature fluctuations.
Mechanical stops can be designed for this purpose, on either side of the bilayer stack
as shown in Fig. 5-8D (top). On removing the structures from the substrate, and even
when exposed to a hot air gun set to 100 °C for 1 min, the folds stop at predesigned
angles as shown in the bottom. The desired stop angles can be designed and controlled
accurately based on the geometry (Fig. 5-8D bottom image and plot in Fig. 5-9)
At first it appears that only small folding angles are achievable at room temperature (25 °C), and that the folding angle continues to change for at least over 2 days
(Fig. 5-2A). It is important to note that only 𝑟𝑑 , the radius of curvature is constrained,
i.e., larger folding angles can be obtained by simply increasing 𝐿𝑠 . Mechanical stops
can be designed to limit folding at the desired radius of curvature (time). If the
materials in the composite do not degrade with a small temperature increase, a small
radius of curvature or accelerated folding can be achieved (at 35 °C). While generating folds from planar composites, it is expected that the achievable geometries are
analogous to shapes from planar origami. The geometric limitations here come from
the achievable radius of curvature and the temporal characteristics elaborated earlier.
Flattening a fold typically takes about ∼0.1 N of force for the structures described
so far; Fig. 5-10 summarizes experiments on unfolding forces. Figure 5-10A shows
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Figure 5-8: Self-folding electronic composites. A. Image shows an electrochromic
element integrated in a spontaneously folding fully-printed composite. The composite
consists of 6 materials that are printed simultaneously using no external processing.
The transmission through the electrochromic ink (PEDOT:PSS) can be modulated
by applying a voltage as shown in the bottom. The stretchable printed conductor
provides electrical contacts through the folded legs. Scale bar is 10 mm. B. Finite
element simulations using the equivalent input strain (0.22) obtained earlier shows a
close match to the deformed structure ∼ 5 min after removal from the print substrate
as shown in ‘A’. The von Mises stress in structure is seen to be concentrated in the
bilayer regions of the legs. C. Series of photographs shows the change in the folding
angles over the course of a week. D. Printed bilayer structures with folding stops,
before removal from the platform (top) and a set of structures after reaching steady
state folding angles.
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Figure 5-9: Folding angle with stops. For applications where a specific folding
angle is preferred, the geometry can be modified to include folding stops. The length
of the bilayer region, 𝐿𝑠 , is obtained as a product of the desired folding angle, 𝜃𝑑 ,
and height of the stop. The height of the stop corresponds to the final radius of
curvature. The thickness of the stress layer is designed such that a far smaller radius
of the curvature is achievable. The plot shows the measured folding angle as a function
of the designed angle (sample shown in Fig. 5-8D). The final folding angles match
the designed values.

one of the folded legs of the composite weighed down by a binder clip (2.71 g). When
the sample with a 180° mechanical stop is loaded with the same load (26.6 mN), it
is also straightened. A quantitative measurement of the force required to open this
sample is shown in Fig. 5-10C. Figure 5-10D shows the flattening load acquired from
FEM simulations (0.12 N).
It is noteworthy that all samples rely on residual stress created in the in-plane
printing directions for folding. During the printing process, the uppermost printed
layers are unconstrained on the upper side and free to swell in the z -direction. To
control the magnitude of the equivalent inbuilt strain, several approaches exist. The
amount of swelling can be increased by increasing the layer printing time leading to a
larger residual stress. Additionally, a multimaterial process like ours allows for using
multiple inks with widely different swelling ratios allowing excellent spatial resolution
in the prescription of residual stress.
Overall, this residual stress based folding method provides a new route to design
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Figure 5-10: Unfolding forces A. Images show the effect of loading one of the
folded legs from the composite with a binder clip (2.71 g) B. Loading the design
with 180° mechanical stop with the same load (26.6 mN). C. The force-displacement
measurement for the sample in ‘B’ was performed using the DMA. The plot shows
that the typical force required to unfold our sample is of the order of ∼ 100 mN. The
displacement at full extension is ∼14 mm. The thickness of the elastic and rigid layers
are 0.3 mm and 0.1 mm respectively. D. To flatten the device, a point load of 0.12 N
is required at the center. This corresponds to a maximum bending moment of 0.12 ×
10−3 N-m at the center. The images on the right show the COMSOL simulations for
the bilayer in the sample in ‘B’ and the sample with a point load of 80 mN applied
in the middle.
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3D shapes folded from planar polymer composites at room temperature. Furthermore, the ability to control the degree of folding based on the design geometry enables designs that are tolerant to small temperature changes. The formulated inks
and the corresponding material characterization results provide all the tools to design, simulate and fabricate new geometries. The demonstrated self-folding electronic
composite, fabricated without using any external processing, is expected to enable
electronics in new form factors.

5.6

Experimental methods

Material characterization and folding measurements: Mechanical stress-strain
tests for the material with residual stress (Fig. 4-5), and controlled deformation
in samples for Poisson’s ratio estimation were performed using with Instron 5944
(Instron, Norwood, MA, USA), a single column table top mechanical testing system.
Stress relaxation measurements for the residual stress material (in the linear regime,
at 2.5 % strain) and the creep compliance measurements for the rigid material (at
0.5 MPa stress), and storage and loss modulus measurements (1 Hz cycling) for all
materials were performed using DMA Q800 (TA instruments, New Castle, DE, USA).
Differential scanning calorimetry measurements were performed using DSC Q100 (TA
instruments, New Castle, DE, USA). Thickness measurements for printed samples
were performed using DektakXT stylus profilometer (Bruker Corp., Billerica, MA,
USA) and optical microscope SZ61 (Olympus Corp., Tokyo, Japan) fitted with SC30
3.3 MP microscope digital camera (Olympus Corp., Tokyo, Japan). Folding angles
were measured using the Stream Start software (Olympus Corp., Tokyo, Japan) from
images taken using a Canon EOS 60D digital SLR camera and the SC30 microscope
digital camera.
UV intensity and controlled temperature measurements: UV light intensities
were measured using a Loctite UV A/B Radiometer Dosimeter (1390323, Loctite
Henkel, Dusseldorf, Germany). The broadband high intensity UV source used was
a F300 Heraeus system with the LC6B Benchtop conveyor (Fusion UV/Heraeus,
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Maryland, USA). For measurements of folding angles at controlled temperatures, a
universal oven UF 30 (Memmert, Schwabach, Germany) is used to setup a controlled
temperature atmosphere. The hot air gun in X-tronic 5000 series rework station
(Model #5040-XTS, X-tronic Int., Lincoln, NE, USA) was used to generate the hot
air temperature variation for the samples with mechanical stops in Fig. 5-8D.
FTIR measurements and doublebond conversion: FTIR spectra in Fig. 42 were obtained using the Thermo Fischer FTIR 6700 Fourier Transform Infrared
Spectrometer setup in the attenuated total reflection (ATR) mode with a Silicon
crystal. Spectra were measured on three samples on the surface for each data point.
The ratio between the absorbance of the vinyl group (809 cm−1 ) with respect to the
carbonyl group (1705 cm−1 ) is used to measure the monomer conversion percentage
similar to the technique used in a reference 66 .
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3D-Printed Actuators - a case for
automated design
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Chapter 6
Multimaterial magnetic actuators

Actuator fabrication at the mesoscale has received a boost from the rapid progress
in additive manufacturing techniques that have enabled precision manufacturing of
complex structures with diverse materials. Aided by the development of new materials
in parallel, this has enabled the fabrication of structures with extremal properties and
programmable biomimetic shapes. Interest in 3D-printed actuators is also growing
due to their applicability for use in robotics - across all length scales. Demonstrations such as arrays of artificial cilia 102,103 are particularly useful for micro/mesoscale
robotics 104–106 . Magnetic actuation in particular has been explored extensively 107,108
for soft matter applications 109 due to its favorable scaling, high actuating force density
and potential for untethered actuation 110 . Methods to develop 3D-printed mesoscale,
magnetic actuators is the focus of this chapter.

6.1

3D-printed mesoscale magnetic actuators

The main materials used here are a rigid acrylic polymer (RIG), an elastic polymer
(ELA) and a magnetic nanoparticle/polymer composite (MPC). The full formulations
are in the appendix. The starting inks are formulated from acrylate monomers and
Contents of this chapter are adapted from a manuscript in preparation - S. Sundaram, M.
Skouras, D. S. Kim, L. van den Heuvel, W. Matusik, “Topology-optimization and 3D-printing of
multimaterial magnetic actuators and displays”, in preparation, May 2018.
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oligomers along with photoinitiators that absorb at 365 nm (i -line), and are optimized for an inkjet printing process as done earlier. As a first step here, we print
slabs of different materials and characterize the material properties (see Fig. 6-1).
The figure shows a set of properties: transmission through the MPC material as function of thickness, optical transmission through RIG, magnetization curves for MPC
and stress-strain curves for the 3 materials. The material is indicated as a cube in
the bottom right (brown, yellow and gray correspond to MPC, RIG and ELA respectively). The crosslinked magnetic material (MPC) is nearly opaque beyond ∼ 100 𝜇𝑚
thickness while the rigid polymer (RIG) is nearly transparent as shown in the transmission factor measurements in Fig. 6-1A and 6-1B. In this case, RIG was specifically
optimized to be transparent by varying the photoinitiators in the formulation. The
magnetic composite, MPC (∼ 12 wt% Fe3 O4 nanoparticles in the acrylic polymer
ink; see thermogravimetric analysis in Fig. 6-2) with a saturation magnetization of
∼ 5 emu/g (see Fig. 6-1C) is used to generate the forces and torques in our actuators.
The three materials also have widely varying elastic moduli - ELA (528 kPa), MPC
(507 MPa) and RIG (1290 MPa) - averaged from 3 individual samples. Representative stress - strain curves are shown in Fig. 6-1D, 6-1E and 6-1F. The contrast in the
optical transmission, elastic moduli and magnetic properties is utilized in designing
the appearance, displacement and forces in our actuators.
To first demonstrate the capabilities of our base material set, we fabricate a variety
of multimaterial actuator arrays designed manually. The fundamental design unit
used in our actuator arrays is illustrated in Fig. 6-3A. In this design, a square panel
of size 𝑙𝑝 and thickness 𝑡𝑝 is partitioned into two halves of the RIG and MPC materials.
The panel is suspended at the center by two identical elastic torsional hinges (ELA)
of length 𝑙ℎ , width 𝑤ℎ and thickness 𝑡ℎ . On the application of a magnetic field, the
paramagnetic material in the MPC region of the structure is attracted towards the
magnetic field, generating a net torque that is balanced by the torsional springs. The
general design is extended to generate 2-axis torsion in the panel by adding a rotating
frame tilting in orthogonal directions. A printed 2 × 2 array of 2-axis rotating panels
is shown in Fig. 6-3B under an applied magnetic field (using a permanent magnet).
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Figure 6-1: Material property library. A. The transmission through the MPC
shown as a function of the wavelength for films of varying thickness, measured using a
spectrophotometer. B. The transmission through the clear rigid material shown as a
function of wavelength for multiple film thicknesses. C. Magnetization versus applied
magnetic field for the MPC measured at room temperature. Magnetic nanoparticles
make up ∼12 % of the overall weight of the MPC. Typical mechanical stress-strain
curves for the elastic polymer (ELA), MPC and the rigid polymer (RIG) are shown in
‘D’, ‘E’ and ‘F’ respectively. Elastic moduli of the polymers at linear strains, averaged
from three samples each, vary significantly - ELA (528 kPa), MPC (507 MPa) and
RIG (1290 MPa).
B
Transverse strain

100

Weight (%)

A

50

0
0

0

-0.2

400
800
Temperature (°C)

0

0.2
Axial strain

Figure 6-2: Material characteristics. A. Thermogravimetry measurements of an
MPC slab shows ∼ 12% nanoparticle loading. B. Poisson’s ratio measurement for the
elastic polymer (ELA).
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Figure 6-3: Actuator design A. The schematic shows the fundamental hinge-based
design with panel length 𝑙𝑝 , and thickness 𝑡𝑝 . In this design, the panel is sectioned
into two equal portions of RIG and MPC. The panel is attached to rigid boundaries
on two sides with ELA torsional hinges of length 𝑙ℎ , width 𝑤ℎ , and thickness 𝑡ℎ . On
the application of a magnetic field, the magnetic portion of the panel generates a
torque. This is used as the fundamental block in actuators. B. Image of a 2 × 2
array of panels each with two axes of rotation. The dark brown regions of the image
show the MPC material, and the translucent portions show the rigid materials. The
elastic torsional hinges are nearly identical to the rigid polymer in appearance. On
the application of a magnetic field, each panel exhibits a unique combination of twoaxis angular rotations. The top view of the flat as-printed sample is shown on the
left. C. Scaled rendering of the 2 × 2 array of panels shows the three materials
used in the design. The hinges (0.5 mm long) are made out of the elastic polymer
(ELA), while each 5 𝑚𝑚 panel is split equally into regions with MPC and the clear
rigid material (RIG). Each panel is held by another frame that can itself tilt in an
orthogonal direction.
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Figure 6-4: Actuator arrays A. Rendering of the actuator array showing the ELA,
RIG and MPC regions. B. Panels tilt uniformly on the application of a magnetic
field. Here the magnet is held ∼ 5 mm from the printed part, closer than the typical
distance of 1 cm used in the rest of this chapter.

The design of the 2-axis panel is shown as a rendering in Fig. 6-3C showing the RIG,
ELA and MPC regions. It is quite straightforward to scale the number of elements in
a printed actuator array. Figure 6-4 shows an array of 16 actuators that are printed
together - the spikes on one side are modeled after the spiked scales seen on shark
skins.
To highlight the potential of multimaterial actuator arrays in passive display applications, we enhance the fundamental actuator design (Fig. 6-3A) with two extra
materials, as shown in Fig. 6-5A. Vertical slabs are printed on top of each panel with
RIG mixed with a white pigment. The sides of the vertical slabs are textured with
cyan-colored polymer such that different images can be displayed by controlling the
panel’s pitch. The panel array is designed to show the letters “MIT” when actuated by a magnetic field. To dynamically actuate our printed actuators, we utilize
an electromagnet powered by a current source to generate a tunable magnetic field
(see experimental methods section). We print an array of 6 elements on a special
substrate to produce a mirror-like finish on one side of the print. This substrate is
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Figure 6-5: Magnetically actuated displays. A. 5-material actuated display.
Each panel consists of the design shown in Fig. 6-3A on top of which 4 vertical
walls of a white rigid polymer are printed. The side walls are patterned based on the
image to be displayed. Here the letters “MIT” are patterned on the sidewall. An
applied magnetic field generates a torque on the panel allowing different sides of the
walls to be visible from a fixed viewing angle. B. A 6-element array of mirrors is
mounted next to an electromagnet powered by a current source (0 A - 7.5 A). The
torque experienced by each individual panel is controlled by the position of the MPC
regions. Different images are rastered on a screen by shining a laser line across the
mirror array. Here the panels are designed to raster the MIT logo. The physical setup
is shown in ‘C’. D. The two sets of images show the still photographs of the screen,
and a snapshot of the mirror array with the electromagnet turned off and on (7.5 A).
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Figure 6-6: Magnetic actuation at fluid interfaces. To demonstrate the use
of the magnetic actuator arrays at fluid interfaces, we designed water lilies that are
positioned on air-water, and silicone oil-water interfaces. A. Rendering shows the
design of the lily. The petal patterns are printed using 3 layers of the magnetic
ink, and torsional hinges are made from the elastic polymer. B. The top view of
the as-printed part is shown where the solid dark regions are the actuating regions
made with MPC. (Right) When placed on the air-water (with 0.2 % FC4430, 𝜎 =
20.9 mN/m) interface, the leaves are held flat due to the interfacial tension of water.
While it can be deformed by an applied field as shown, actuation is challenging when
the water is disturbed. C. When tested in conditions with lower interfacial tension
𝜎12 = 3.7 ± 0.78 mN/m (interface of silicone oil and water with 0.2 % FC4430), the
array can be actuated back and forth reliably. The schematic shows the restoring
nature of the interfacial tension. D. Experimental results of actuation at the silicone
oil-water interface.
prepared by drop casting and annealing the silver ink used in previous chapters, on
a polyimide sheet (see appendix for formulation). The silver layer peels along with
the print as the actuator array is removed from the polyimide film (after printing).
The silver regions freely exposed on both sides are then etched. A laser line is projected on to the reflective side of these panels and the angular tilt of the panels is
dynamically controlled using the electromagnet using the setup schematically shown
in Fig. 6-5B (corresponding image in 6-5C). The laser line reflected from the mirror
array is imaged on a screen; here, the panels are designed to tilt differently to raster
the MIT logo shown in red. The two images shown in Fig. 6-5D are photographs of
the laser line on the printed actuator array, and the screen when the electromagnet is
turned off, and when powered by a 7.5 A current source (magnetic field settings are
described in experimental methods section at the end of this chapter).
A critical advantage of magnetic actuation is in the potential for untethered actu99

ation, which is particularly useful in conductive or liquid environments, where electrically driven actuators need careful electrical isolation. In Fig. 6-6, we show untethered
actuation in conductive fluid interfaces. Figure 6-6A shows a rendering of the actuator design, and Fig. 6-6B shows the as-printed sample containing four individual
petals that can be actuated. When the printed device is placed on the air-water
(with surfactant, and colored blue) interface, as shown on the right, the petals can
be lifted up from the water surface by attracting the magnetic regions. However, the
larger interfacial tension makes repeatable actuation challenging. Repeated actuation cycles can be performed when the printed sample is placed at the silicone oil water interface (interfacial tension 𝜎12 = ∼3.7 mN/m), schematically shown in Fig.
6-6C. Experimental results are shown in Fig. 6-6D. It is noteworthy that the elastic
hinge effectively acts as a rotating joint here. The torsional stiffness is dominated by
the interfacial tension experienced by the petals when leaving the silicone oil-water
interface.

6.2

Magnetic actuator characteristics

Previous results show a variety of actuators where untethered actuation is useful,
in a qualitative fashion. We now focus on the quantitative characterization of these
actuators. For this, we consider a variant of the general actuator unit (Fig. 6-7A).
The thickness of the hinge, 𝑡ℎ , is varied from 0.3 mm to 0.5 mm across these samples
and 𝜆, the fraction of the magnetic region is varied between 0.1 and 0.2. The other
dimensions are 𝑙𝑝 = 9 mm, 𝑙ℎ = 1 mm, 𝑡𝑝 = 1 mm, 𝑤ℎ = 0.5 mm. The results shown
in Fig. 6-7B show the angular deflection of the panel as a function of the distance
between the actuator and a permanent magnet. Here we used a 2” × 2” × 0.5”
bar-shaped Neodymium grade N52 magnet magnetized along its vertical axis. In all
our static deflection measurements, we placed the samples ∼ 1 cm from the surface of
the magnet, along the magnetic axis. In this case, the magnetic field can be derived
analytically from Maxwell equations 111 and is a function of the dimensions 𝑎, 𝑏 and
𝑐 of the magnet (Fig. 6-8A) and its magnetization M = 𝑀 e𝑧 that we assume to
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be constant. With the origin of the coordinate system located at the center of the
magnet, the field H = (𝐻𝑥 , 𝐻𝑦 , 𝐻𝑧 ) can be written as
2
𝑀 ∑︁
𝐻𝑥 (𝑥, 𝑦, 𝑧) =
(−1)𝑘+𝑙+𝑚 ln(𝑦 + (−1)𝑙 𝑏 + 𝑟𝑘𝑙𝑚 (𝑥, 𝑦, 𝑧)),
4𝜋 𝑘,𝑙,𝑚=1

(6.1)

2
𝑀 ∑︁
𝐻𝑦 (𝑥, 𝑦, 𝑧) =
(−1)𝑘+𝑙+𝑚 ln(𝑥 + (−1)𝑘 𝑎 + 𝑟𝑘𝑙𝑚 (𝑥, 𝑦, 𝑧)),
4𝜋 𝑘,𝑙,𝑚=1

(6.2)

)︂
(︂
2
(𝑥 + (−1)𝑘 𝑎)(𝑦 + (−1)𝑙 𝑏)
𝑀 ∑︁
𝑘+𝑙+𝑚
,
(−1)
atan
𝐻𝑧 (𝑥, 𝑦, 𝑧) =
4𝜋 𝑘,𝑙,𝑚=1
(𝑧 + (−1)𝑚 𝑐)𝑟𝑘𝑙𝑚 (𝑥, 𝑦, 𝑧)

(6.3)

𝑟𝑘𝑙𝑚 (𝑥, 𝑦, 𝑧) =

√︀

(𝑥 + (−1)𝑘 𝑎)2 + (𝑦 + (−1)𝑙 𝑏)2 + (𝑧 + (−1)𝑚 𝑐)2 .

(6.4)

We used 𝑀 = 950 kA/m as the value for the magnetization, obtained by fitting the
analytical magnetic flux density B = 𝜇0 H to sample values (see Fig. 6-8B - D). We
model the magnetization of the MPC cell using the hyperbolic tangent function as
√︀
𝑀 (H) = ±5.67 tanh(2.8 × 10−2 ‖𝐻‖2 ), with H expressed in [𝑂𝑒], which is in good
agreement with the measured data (Fig. 6-8D). All our magnetic field measurements
were performed using a F. W. Bell 9500 gaussmeter with a probe (∼4.5 mm× 4.5 mm).
Measurement were typically made in the 3 kG range, which has a reported accuracy
of ± 30 G (or the 300 mT range, ±3 mT).
We then characterized the force produced by our actuators by using designs shown
in Fig. 6-7A. In particular, we used actuators with the following dimensions: 𝑡𝑝 =
1 mm, 𝜆 = 0.15, 𝑙𝑝 = 9 mm, 𝑡ℎ = 0.25 mm, 𝑤ℎ = 0.5 mm, and 𝑙ℎ = 1 mm. It
is typically hard to measure small forces in the presence of a large magnetic field
using commercial force probes. We therefore used polyimide cantilevers of calibrated
stiffnesses 𝑘𝑐𝑎𝑛𝑡 =105.92 ± 12.04 mN/m cut from 0.002” thick Kapton-polyimide film
(length 0.6”, width 0.125”) as force probes. In order to measure the blocking force,
we measured the deflection of the calibration cantilever from the force exerted by the
outermost edge of the panel (arm of 4.5 mm from the axis of rotation). Figure 6-9A
shows the forces measured from 4 identical devices as a function of the distance from
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Figure 6-7: Experimental verification of tilting angles. A. A single panel actuator was designed with magnetic material on one half of the panel for a fraction of the
thickness 𝜆. To verify the tilting angle as a function of geometric design changes, the
fraction 𝜆 and thickness of the hinge, 𝑡ℎ , were varied. B. Experimental measurements
of tilting angles are shown as a function of the distance from the permanent magnet,
along with the results of simulations using our soft-joint solver (see next chapter). It
can be seen that as the ratio of the magnetic material thickness, 𝜆, is increased, the
tilting angle scales nearly linearly with it. Further, as expected the angle of tilting
reduces with the thickness of the hinge (torsional stiffness of the ELA hinge).

the magnet. Our actuators with these general dimensions typically produce ∼100 µN
of force. When the blocking cantilever is removed the angular deflection of these
devices can be directly measured, and this is shown in Fig. 6-9B.
We next estimated the speed at which these actuators can be actuated using an
electromagnet. First we optically tracked the edge of the panel as it was actuated in
the small amplitude regime (< 1°) as the frequency of the current pulse was varied
(duty cycle is 50%, peak current is 1.5A) from 0.01 Hz to 10 Hz. The angular
displacement is measured for three identical devices described earlier; one is shown
in Fig. 6-10A. The key point here is that our actuators exhibit a damped response.
This is consistent with the measured loss modulus for our elastic material, where the
loss modulus exceeds the storage modulus at 1 Hz actuation, at room temperature.
Note that the elastic hinge in our actuators belongs to the same class of materials
as the residual stress material (STR); see DMA measurement described in chapters
in Part II. The -3 dB bandwidth of these devices is ∼ 0.32 - 0.56 Hz from the plot
shown in Fig. 6-10B. The plot shows the amplitude as a function of frequency for the
devices characterized in Fig. 6-9.
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Figure 6-9: Force generated by our actuators. A. Blocking force generated by
actuators with dimensions: 𝑡𝑝 = 1 mm, 𝜆 = 0.15, 𝑙𝑝 = 9 mm, 𝑡ℎ = 0.25 mm, 𝑤ℎ =
0.5 mm, and 𝑙ℎ = 1 mm. The plot shows measurements from 4 identical devices, as a
function of the distance between the device and the permanent magnet (Fig. 6-8C).
B. Measured angular deflections for 3 identical devices.
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Figure 6-10: Switching transients and bandwidth measurements. A. Measured angular displacement as a function of time when the magnetic field is cycled
(0.5 duty cycle) at varying frequencies. B. The plot shows the amplitude of angular
deflection as a function of actuation frequency for 3 identical devices. The magnetic field was generated using the electromagnet powered by 1.5 A (measured peak
magnetic field is ∼ 10 mT).

The bandwidth estimation for large amplitude deflection is less straightforward.
While the exact same measurement of cycling the magnetic field can be performed, the
force experienced by the panel itself increases with increasing deflection. Therefore,
the bandwidth for large amplitude deflections can be either much lower or higher
depending on the actual force profile. To highlight this, we show two examples where
the actuators are aligned differently - in one case, the force experienced by the actuator
increases with increasing displacement (⋆), in the other case, there is a stable angular
position where the panel aligns with direction of maximum flux density and gradient
(⋆⋆). The transient responses are highlighted in Fig. 6-11A & B (the corresponding
images are shown in Fig. 6-11C). The apparent bandwidth can be vastly different.
These actuators have the same small amplitude bandwidths as shown in Fig. 6-10B.
Depending on the actuating field setup, the effective bandwidth at large amplitudes
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can vary from 0.32 Hz to 1.8 Hz.
These devices were tested for reliability by actuating them for over 1000 cycles
at 0.56 Hz. In this case - like the large amplitude bandwidth measurements - the
electromagnet was powered by a 7.5 A current source which was turned on and off
using a solid state relay (SSR-25 DD) controlled by a sourcemeter. Our actuators
show no degradation over 1000 cycles (∼ 30 mins). The optically measured deflection
is shown in Fig. 6-12. The angular deflections remain steady over the cycles and the
actuator shows no apparent offset or drift in the angular position, and the actuator
returns to its starting position. The elastic hinges which are the likely point of failure
are stable at least up to 1000 cycles of ∼30° displacement.
In summary, we fabricated a variety of mesoscale multimaterial actuators that
unite soft polymers, rigid polymers, and magnetic nanoparticle loaded materials.
These untethered actuators can produce forces in the order of ∼100 µN, and can be
actuated at a -3 dB bandwidth of ∼0.32 Hz. The devices described in this chapter
were designed by hand. The process and materials here enable the automated computational design and fabrication of more complex actuators described in the next
chapter.

6.3

Experimental methods

Printing process details: The UV LED array in our printer used in this chapter has
an increased intensity ∼ 2.1 W/cm2 at 365 nm. The thin elastic (ELA) hinges used in
our actuator designs are fragile. To facilitate easy removal, our samples were printed
on a 125 µm sheet of polyimide(PI) (McMaster-Carr, Elmhurst, IL, USA) coated
with a thin layer of poly(acrylic acid) (PAA ∼ 50 kg/mol, ∼ 25 % sol. in water,
Polysciences Inc., USA), prepared by drop casting. On completion of the print, the
samples on the PAA-coated polyimide substrates were left in water overnight by which
time, the printed part is detached from the substrate. For our samples with a silver
mirror finish (Fig. 6-5), the silver layer was prepared by drop casting a reactive silver
ink on a PI substrate and then sintered at 80 °C for 2 mins on a hotplate. Structures
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Figure 6-11: Transient response - large amplitude actuation. A. Measured
amplitude as a function of actuation frequency for large amplitude oscillations. In
this case, the field is oriented such that when the panel deflects, the force experienced
by the magnetic portions keep increasing (⋆). B. When the panel is placed such
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density profile.
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Figure 6-12: Long term cycling test of the small actuator. Top plot shows
the measured deflection over 1000 actuation cycles. The maximum and minimum
deflections remain quite stable. The plot below shows the deflection over few cycles
at the beginning and the end. There is no visible offset after 1000 actuation cycles.
printed on top of the silver ink can be easily detached from the PI substrate since
the precipitated silver nanoparticles adhere strongly to our UV cured polymers and
weakly with the PI substrate. We used a 1:1 (vol) mixture of H2 O2 :NH4 OH as the
silver etchant to remove the freely exposed silver.
Polymer characterization measurements: Thermogravimetric analysis (TGA)
measurements were performed using a Discovery-TGA (TA Instruments, USA). A
3D-printed slab of magnetic material (1 mm x 1 mm x 0.5 mm) was placed on top of
a platinum pan and the sample temperature was ramped from 50 °C to 800 °C in air
at a 10 °C/min ramp rate. The retained weight percent of the MPC was measured to
be 11.93% verifying the nanoparticle loading (Fig. 6-2A). A larger weight percentage
was measured when TGA was performed in nitrogen-rich atmospheres - potentially
resulting from excess polymer retention after the tests.
Vibrating sample magnetometry (VSM): VSM measurements were performed
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using an 800-VSM model (Microsense, USA). 8 mm disks of the MPC material were
3D-printed with varying thicknesses (0.1 mm to 1 mm), mounted on glass tips and
characterized. Typically the applied magnetic field was cycled between -104 Oe to
104 Oe. The magnetization of the MPC samples saturated to ∼ 5.7 emu/g.
Mechanical characterization: The stress-strain curve for each material was measured on a table top mechanical tester Instron 5944 (Instron, Norwood, MA, USA)
with a 2 kN max load. The samples were 3D-printed and mechanically tested. The
rigid polymer and MPC material were measured at 0.5 mm/min strain rate, and the
elastic polymer was measured at 1.5 mm/min. Poisson’s ratio measurements were
performed on 3D-printed samples of the elastic material using designs with 4 circular
features along the x and y-axes of the sample. These axis aligned point pairs are positioned at equal distances. Samples were clamped on the Instron mechanical tester
and a set of images were taken at various controlled strains. The distance along the x
and y- axes for the 4 circular points were measured at varying strains with the optical
microscope imaging software (Stream start software, Olympus Corp., Tokyo, Japan).
Fig. 6-2B shows these measurements. The Poisson’s ratio was measured to be ∼ 0.4.
Spectrophotometer measurements: Transmission spectra were measured in the
optical wavelength using a color i5 bench-top spectrophotometer (X-Rite, USA).
Square slabs at varying thicknesses (ranging from 40 to 110 µm) were 3D-printed
and the transmittance of the samples were measured.
Electromagnet setup: For our variable magnetic field experiments, we constructed
an electromagnet using a consumer grade microwave oven transformer. The transformer was cut to enforce a flux path outside the core, and the secondary coil was
removed. The primary coil (∼114 turns) is retained in the core to generate the magnetic field. In laser rastering experiments, the primary coil was connected to a current
source (up to 7.5 A). This allowed the field to be dynamically controlled up to ∼ 45
mT at the sample location. The steepest gradient in the magnetic field is normal to
the plane of the 6 mirror array causing the mirrors to tilt out of plane.
Silicone oil-water interface experiments: Interfacial tension measurements were
performed with the DataPhysics FDS tensiometer (DataPhysics, Germany) using the
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PT11Wilhelmy plate (10 mm × 19.9 mm × 0.2 mm) for air-liquid interface and with
the RG11 Du Nouy Ring (18.7 mm diameter, 0.37 mm wire thickness) for the silicone
oil-water interface.
Imaging and processing: All images and videos were acquired using DSLR cameras
(Canon EOS 60D, or Canon EOS-1D X, Canon, USA). White balance and exposure
were adjusted for visual clarity. Canon macro lens (EF 180mm f/3.5L Macro USM),
Canon Zoom EFS 18-55 mm f/3.5 - 5.6, and Canon Zoom EF 28-80 mm f/3.5 - 5.6
were the lenses used.
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Chapter 7
Topology-optimization for
automated design and fabrication
of actuators

Large mesoscale actuator arrays seen in contemporary electro-mechanical systems
highlight the complex functionality that can be achieved by tiling identical actuators.
For instance, the Digital Micromirror Device (DMD) 112 has evolved to include millions
of individually addressable actuators 113 and is at the heart of modern display technologies. Similarly the “Millipede”, a cantilever indentation based high density data
storage system, first utilized a 1024-element array of identical microelectromechanical
system (MEMS) cantilevers batch fabricated using silicon micromachining 114 . Arrays
of actuated legs are also enabling the development of new centipede-inspired microrobots 115 . While large integrations of actuators are highly desirable, it amplifies the
requirements on the long term reliability of individual elements 116 . This has furthered
an element-centric design strategy featuring tessellations of identical actuators.
On the other hand, designs pervasive in natural organisms demonstrate the inContents of this chapter are adapted from a manuscript in preparation - S. Sundaram, M.
Skouras, D. S. Kim, L. van den Heuvel, W. Matusik, “Topology-optimization and 3D-printing of
multimaterial magnetic actuators and displays”, in preparation, May 2018. I thank M. Skouras for
implementing the topology optimizer in this chapter.
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creased versatility of non-uniform actuator collections. Further, these heterogeneous
arrays are: (i) collectively shaped by a common functional purpose, (ii) can vary in
length scales by orders of magnitude, and (iii) are individually controllable in coordination with other elements of the array. These features are prevalent in several
natural systems. For example, denticle patterns attached to the epidermis and dermis
of sharks together control the hydrodynamic drag 117,118 . Wide variation in the length
scales of actuators is particularly visible in comb jellies (Ctenophora) where cilia differing in length by two orders of magnitude (short cilia 10 - 15 µm; long cilia >1000
µm) together play a role in synchronized beating for efficient propulsion 119 . Active

control of individual actuators is, for instance, also seen in centipedes and other
arthropods that generate coordinated leg movements across an array 120–122 . Overall, replicating these high-dimensional actuators presents many challenges due to the
design complexity, along with competing material properties and fabrication requirements. We present a strategy to realize high-dimensional actuators by combining an
automated design-generation technique with a multimaterial additive manufacturing
process, and this is the main contribution of this chapter.
Recently, shape optimization has been used for achieving temporal shape transformation using anisotropic swelling of a single composite material 90 and controllable magnetization profiles 123 . Prior works deal with shape optimization for a single
objective function. Despite this progress, automated design and fabrication of multimaterial structures with high dimensionality still remains a challenge. Topology
optimization driven multimaterial additive manufacturing has a transformative potential in areas ranging from structural design 124 and actuator design 125 to tissue
engineering 126 . Custom material choices further enhance the potential of these techniques.
To build on the actuators described in the previous chapter, here we combine a custom multimaterial drop-on-demand 3D-printing process with multiobjective topology
optimization to fabricate high-dimensional actuator designs generated from functional
objectives (Fig. 7-1).
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Figure 7-1: Topology optimization for function driven actuator fabrication.
The structure of individual actuators (or the arrangement of multiple actuators) is optimized using a multi-objective topology optimization process. The optimization uses
the bulk physical properties of the individual materials and the functional objectives
as inputs. The generated optimized voxel-based representation of the structure is
used by the printer in order to fabricate the structure using a drop-on-demand inkjet
printing process. This allows high-dimensional designs to be automatically generated
and fabricated with minimal human intervention. A rigid acrylate polymer (RIG), an
elastic acrylate polymer (ELA) and a magnetic nanoparticle (Fe3 O4 )/polymer composite (MPC) are the main materials used, as in the previous chapter. The contrast
in the optical, mechanical and magnetic properties is used to simultaneously optimize
the visual appearance and the actuating forces while generating the voxel-level design

7.1

Multi-objective topology optimization

We choose an actuator design problem with more than 106 cells (here each cell is
3 × 3 × 1 voxels in size) whose material assignments are computationally generated
using topology optimization. Specifically, we fabricate an actuator that deflects and
changes its appearance in the presence of a controlled magnetic field. The basic
actuator unit is a single panel actuator (described in the previous chapter, Fig. 63A), supported by two ELA hinges, that is divided into a hexahedral lattice of cells
whose individual material assignments are optimized by simulated annealing. The
result is an actuator that can change its appearance to various unrelated images at
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specific tilt angles (or torques). The multiple objectives here can be considered as a
series of image and torque pairs. The general actuator architecture, inspired in part
by multilayer tensor displays 127 , is also indirectly motivated by the multilayer nature
of metachrosis used by cuttlefish for camouflage 6 .
For each panel, our topology optimization component takes as input, 𝑛 grayscale
images 𝐼˜𝑖 , 𝑖 = 1..𝑛, represented as arrays of pixel intensities, 𝑛 target angles for the
panels corresponding to the desired tilting angles and 𝑛 distances 𝑑𝑖 corresponding
to the distances between the panel array and the permanent magnet at which the
images should be revealed. The material distribution is generated at the individual
cell level as the output, relying on the contrast in the optical and magnetic properties
of RIG and MPC. Material assignments for each cell are made at a cell resolution of
3 × 3 × 1 voxels here, i.e. 101.5 𝜇𝑚 × 101.2 𝜇𝑚 × 6.4 𝜇𝑚.
We represent the material distribution as an indicator function 𝜒𝑗 that describes
whether a cell at location 𝑗 in the panel contains MPC or not. The appearance of
a given material distribution and at a given angle is computed by ray tracing from
the center of each pixel, i.e. tracing the paths of an array of light rays through
the different voxels in the panel (see Fig. 7-2A). Here, we assume a diffuse light
source illuminating the panels from below and assume that reflection and scattering
are negligible. The observer is assumed to be looking at the panel from a sufficiently
large distance above the panel. Letting 𝑐𝑅𝐼𝐺 and 𝑐𝑀𝑃𝐶 denote the light transmittances
of RIG and MPC, the intensity 𝐼𝑘 of a pixel 𝑘 corresponding to a single ray can be
written as
𝑅𝐼𝐺
𝑀𝑃𝐶
𝐼𝑘 = 𝑐𝑑𝑅𝐼𝐺
.𝑐𝑑𝑀𝑃𝐶
,

(7.1)

where 𝑑𝑅𝐼𝐺 and 𝑑𝑀𝑃𝐶 are the total distances traversed by the ray through RIG and
MPC respectively. We use measured values of 𝑐𝑅𝐼𝐺 ≈ 1 and 𝑐𝑀𝑃𝐶 = 0.58 for the
transmittance (see Fig. 6-1). The transmittance through 5 layers of MPC, i.e. 3 %
of the total thickness of the panels that we optimized in practice, is visually indistinguishable from that of a fully opaque material. Thus, to overcome the limited
intensity resolution that can be achieved with MPC, we use half-toning and rely on
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Figure 7-2: Panel appearance computation. A. The appearance of the panel
as viewed from above is computed by shooting vertical rays through the panel. By
computing the total distances traversed by each ray through each material, the raytraced images can be obtained. Here three layers each filled with RIG and MPC are
shown. Multiple images can be encoded in the volume based on the desired viewing
angles. This can be seen in different ray-traced images obtained from a single structure
with varying tilting angles. While not explicitly shown here, the volumetric positions
of the MPC cells also define the torque in response to a magnetic field. B. A vertical
column of MPC voxels (top) is widened in practice due to droplet spreading (middle)
or slight misalignment in the positions of the drops in consecutive layers (bottom).

the ability of the human eye to fuse dotted patterns into continuous tones. We model
this by blurring the ray-traced images 𝐼 𝑖 (𝜒) with a 5 × 5 pixel Gaussian convolution
kernel 𝑝 before comparing them to the input target images. In practice, as shown in
Fig. 7-2B, the dot gain due to droplet spreading or misalignment plays a critical role
in the overall appearance. We account for this by correcting the estimated fraction
of the materials in each cell prior to ray-tracing by convolving the binary material
assignment 𝜒𝑗 with a 3 × 3 kernel (experimental dot gain measurement samples are
shown in Fig. 7-3 and modeling details are in the experimental methods section later).
The distribution of the MPC cells inside the panel not only affects its optical
properties but also its mechanical behavior under the external magnetic field. More
specifically, each MPC cell contributes to the net torque generated, 𝜏 𝑖 , for a given
distance 𝑑𝑖 (between the panel and the magnet) depending on the position of the cell
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Figure 7-3: Dot gain images. A. 2-voxel wide stripes. B. 4-voxel wide stripes.
Dark stripes are the cured MPC ink and the lighter stripes are the cured RIG ink.

in the panel. Assuming for now that each lateral ELA hinge connecting the panel to
the rigid frame can be modeled as a torsion spring with torsion stiffness 𝜅, the tilting
angle assumed by the panel in its equilibrium state can be written as
𝜃𝑖 =

𝜏𝑖
.
2𝜅

(7.2)

Controlling the torsion bars’ stiffness by changing the geometry of the hinges is not
sufficient since we want to control various tilting angles simultaneously. Therefore,
we fix the dimensions of the hinges and precompute target torques 𝜏˜𝑖 to be exerted on
the axis of the panel to make it rotate as desired. We then add hard constraints to the
optimization that force the torques 𝜏 𝑖 corresponding to the distribution 𝜒 to match
these precomputed torques 𝜏˜𝑖 . In practice, to account for the nonlinear behavior of
the soft ELA hinges, the tilting angle corresponding to a given torque is computed
using a finite element method that simulates the deformation of the hinges (soft-joint
finite element solver is described in the experimental methods section). The target
torques 𝜏˜𝑖 are then obtained by using a bisection method. Our original material
distribution problem can then be cast as

min 𝐸(𝜒) =
𝜒

𝑛
∑︁

‖𝑝 * 𝐼 𝑖 (𝜒) − 𝐼˜𝑖 ‖44
(7.3)

𝑖

s.t. 𝜏 𝑖 − 𝜏˜𝑖 = 0, ∀𝑖 ∈ 1..𝑛,
where * denotes the convolution operator. We use the 𝐿4 norm, motivated by the fact
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that it allows more uniform distribution of the error over entire images compared to
norms with a smaller power. Inspired by stochastic halftoning techniques 128,129 , we
solve problem (7.3) using a simulated annealing (SA) procedure 130 augmented with a
non-smooth penalty term, which, unlike quadratic penalty functions, allows for strict
satisfaction of the constraints 131 . For our specific problem we write this additional
term as
𝑐(𝜒) =

𝑛
∑︁

max(0, ‖𝜏 𝑖 (𝜒) − 𝜏˜𝑖 ‖1 − 𝜖)

(7.4)

𝑖

and use 𝜖 = 10−7 MPa to account for small rounding errors when evaluating the
torques. The augmented objective ℒ is then expressed as
ℒ(𝜒, 𝑇 ) = 𝐸(𝜒) +

1
𝑐(𝜒),
𝑇

(7.5)

where 𝑇 is the simulated annealing temperature. We initialize 𝜒 with a 0-valued
distribution. At each iteration of the algorithm, a candidate distribution is generated
by changing the material assignment of two cells that are randomly selected. We
accept the new distribution if it either lowers the objective value or if it raises it with
a probability equal to 𝑒(ℒ(𝜒𝑡−1 ,𝑇 )−ℒ(𝜒𝑡 ,𝑇 ))/𝑇 , where ℒ(𝜒𝑡−1 , 𝑇 ) and ℒ(𝜒𝑡 , 𝑇 ) are the previous and current objective values and 𝑇 is the current simulation temperature. This
prevents the algorithm from getting trapped in local minima while simultaneously improving the exploration of the entire design space. For our final example, we use 108
steps and a linear cooling schedule. Contrary to gradient-based methods commonly
used in topology optimization 132 , our SA procedure does not require a linear system
to be solved at every step and can effectively cope with the high number of variables
of our problem (one per panel voxel for a total of 106 cells). The large number of
steps required to approximate a global optimum, typical of SA algorithms, is largely
counterbalanced by the fast evaluation of the function (7.5), which, in practice, can
be effectively computed by noting that a change in a voxel material only impacts a
few pixels in the ray-traced images.
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7.2

Printed topology-optimized actuators

We applied this methodology for the design and optimization of two different structures, the results of which can be directly fabricated using our printer using materials,
designs and techniques discussed in the previous chapter. The first example consists
of a single rotating panel which reveals two different images; one in the rest state
and the other at a tilting angle of 30° when placed 1 cm from the permanent magnet.
The images correspond to grayscale 186 × 186 pixel versions of the two paintings
Self-Portrait with Grey Felt Hat by Van Gogh and The Scream by Munch, whose
pixel intensities were linearly rescaled to map the range from 0.2 to 0.8. Assignments
for the materials are considered at a resolution of 101.5 µm×101.2 µm× 6.4 µm for
the panel with external dimensions 18.89 mm× 18.83 mm × 1.025 mm. As shown
in Fig. 7-4, the panel rotates under the applied external magnetic field and displays
images that are in good agreement with simulation. The results are shown past the
30° tilt angle; the panel appears narrower in width on tilting. Due to the limit set by
the tilting angle, ghosting in areas corresponding to very different intensities in the
two target images is visible in the results of the optimization, and replicated in the
prints. This effect is expected and can be reduced by decreasing the dynamic range
of the input images a priori.
We characterized the forces generated by the optimized actuator (Fig. 7-5) A. The
typical blocking force generated by the actuator when the magnet is held 1 cm away
is 100 µN. The blocking force was measured using the same polyimide cantilevers
and the permanent magnet described in the previous chapter. The measured angular
deflection of the actuator is shown as a function of the magnetic field in Fig. 7-5B.
There appears to be small amount of hysteresis depending on the whether the magnet
is brought closer or taken further away. This is because the angular deflection itself
also has an effect on the actual magnetic field experienced by the panel. In general, as
the panel tilts more, it is brought closer to the magnet and up until ∼1 cm, this results
in an increase in the magnetic field. This is more prominent in large size actuators
(𝑙𝑝 /2 ≥∼1 cm). Long term performance of these large actuators was evaluated with
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Figure 7-4: Panel optimization for both optical and mechanical properties.
A. Given a pair of target grayscale images corresponding to desired top views of the
panel array at two different tilting angles (here, 0° and 30°), our topology optimization
framework optimizes the distribution of the RIG and MPC in the panels such that
they tilt to the desired angles and their appearances match the target images. B.
Optimized panel appearances as computed by our ray-tracer. C. Photographs of the
3D-printed topology optimized sample showing the gradual transition from the “Van
Gogh” portrait to the “Scream” image with increasing tilt angle.
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Figure 7-5: Force and deflection measurement of the topology optimized
actuator. A. Measured blocking force of the van Gogh actuator in the presence of
a magnetic field. The field here was generated using the 2” × 2” × 0.5” magnet
described in the previous chapter. B. Measured angular deflection as a function of
magnetic field. Note that our actuator exhibits a small amount of hysteresis since
there are two stable positions depending on the direction of sweep for this particular
magnetic field profile. The magnetic field was varied by changing the distance between
the magnet and the actuator (Fig. 6-8C).

an actuator of the same size as the van Gogh actuator but made of the general design
in Fig. 6-7A. This was used to test the reliability of the ELA hinges. It is seen from
Fig. 7-6 that there is little to no change in performance after 1000 cycles at 0.56 Hz.
The setup used to preform long term cycling is identical to the setup in the previous
chapter.
The demonstrated scheme can be easily extended to larger arrays and different
images. We demonstrate this with a second example, featuring a 3 × 3 panel array
with external dimension 30 mm× 30 mm × 1.025 mm, which is optimized to replicate
two textures (grass and stones) at 0° and 30° respectively (see Fig. 7-7). When the
panels are made small, the fraction of MPC required to rotate the panels to the
desired angles is significant. This translates into a globally darker area on one half of
each panel. Overall, the actuators generated by topology optimization demonstrate
the ability of our overall scheme in optimizing complex actuators and its enabling
potential in the use of magnetic soft actuators for camouflage applications.
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Figure 7-6: Long term cycling test of 𝑙𝑝 =∼ 19 mm actuators. The first plot
shows the measured angular deflection of an actuator identical in dimensions to the
van Gogh actuator. The actual design used is based on the simple actuator design
in Fig. 6-7A. The maximum and minimum deflections remain stable over the 1000
cycles. The second plot shows a few cycles at the start and end. The measurement
setup is identical to the description in the previous chapter.

7.3

Experimental methods

Dot gain measurements and simulation details: Dot gain measurements were
performed by 3D-printing two striped-pattern prints (2 voxel wide and 4 voxel wide
stripes) of the MPC and the rigid polymer ink. Dot gain was computed by measuring
the actual width with respect to the expected design width. Samples were imaged
using an optical microscope SZ61 (Olympus Corp. Tokyo, Japan) fitted with the
SC30 digital camera (Olympus Corp. Tokyo, Japan). The widths of the stripes of
both prints were measured using the Stream start software (Olympus Corp., Japan).
The width of the MPC traces and the rigid ink of the 2-voxel wide stripes were
∼ 90 µm and ∼ 50 µm respectively. The corresponding widths for the 4-voxel wide
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Figure 7-7: Topology optimized actuator array - grass and stones. Another
example of topology optimized actuators showing the transition from images of grass
to stones when a magnetic field is applied. The topology optimization strategy distributes the materials such that the panels tilt to the desired angles and force the
appearance to match the target images. Photographs of the 3D-printed panels under
no external magnetic field (top) and under an external magnetic field (bottom) are
shown on the right.
stripes were ∼ 180 µm and ∼100 µm respectively (Fig. 7-3). The dot gain of the
droplets are typically symmetric in the in-plane directions, and are assumed to be so
here.
So in practice, a column of voxels containing MPC appears, on average, 30 µm
wider than the width of the original droplets deposited by the printer. Dot gain
is typically due to drop spreading and slight misalignment in the positions of the
drops of consecutive layers. To account for these effects, we correct the estimated
fraction, or presence probability, of magnetic ink in each voxel prior to ray-tracing
the light. This is performed layer-by-layer by convolving the original binary material
distribution with a 3 × 3 kernel 𝑞 of the form
𝑞=

𝑢 𝑣𝑇
, 𝑢𝑇 = [𝑠𝑥 𝑟𝑥 𝑠𝑥 ], 𝑣 𝑇 = [𝑠𝑦 𝑟𝑦 𝑠𝑦 ],
‖𝑢‖ ‖𝑣‖

(7.6)

where 𝑠𝑖 = 15 µm, for 𝑖 = {𝑥, 𝑦}, is the measured lateral spread of the drops in the
in-plane directions and 𝑟𝑥 and 𝑟𝑦 are the voxel resolution along 𝑥 and 𝑦 respectively.
The filtered material ratios are used to scale the individual distance contributions of
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voxels in the calculation of the total distances 𝑑𝑅𝐼𝐺 and 𝑑𝑀𝑃𝐶 traversed by the rays.
Soft-joint simulation: Each joint connecting the panels to the frame is modeled as a
hexahedral lattice with 163 elements and simulated with a finite element method using
linear basis functions and 8 quadrature points per element. For the ELA material,
we use a Neo Hookean material model with energy density 𝑊 = 𝜇2 (𝐼1 − 3 − 2ln(𝐽)) +
𝜅
(ln(𝐽))2 ,
2

where 𝐼1 and 𝐽 are respectively the first invariant of the right Cauchy-

Green deformation tensor and the determinant of the deformation gradient and 𝜇
and 𝜅 correspond to the shear modulus and the bulk modulus of the material. The
panels and the frame are treated as rigid bodies. The forces acting on the panels
are computed on a voxelized representation of the panel geometry. We consider both
gravitational forces acting on all the voxels of the panels, and magnetic forces due to
the external magnetic field acting on the MPC cells. Each of these voxels is modeled
as a magnetic dipole with moment m𝑖 located at the center c𝑖 of the voxel and
aligned with the external magnetic field. The force F𝑖 acting on the magnetized voxel
is thus described by F𝑖 = ∇(m𝑖 .B). We model the magnetization of the MPC cell
√︀
using the hyperbolic tangent function as 𝑀 (H) = ±5.67 tanh(2.8 × 10−2 ‖𝐻‖2 ),
with H expressed in [𝑂𝑒] (see magnetization curves in the previous chapter). The
magnitude 𝑚𝑖 of the moment m𝑖 is then approximated by 𝑚𝑖 (c𝑖 ) = 𝑀 (H(c𝑖 ))𝜌𝑀𝑃𝐶 𝑑𝑉 ,
where 𝜌𝑀𝑃𝐶 =∼ 1.2 𝑔/𝑐𝑚3 denotes the density of the cured MPC material and 𝑑𝑉
corresponds to the volume of an individual voxel. Note that the moment generated by
an MPC cell is not constant but depends on the current location of the voxel center
which is affected by the rotation of the panel.
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Part IV
Tactile Skins for Understanding
Human Grasp
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Chapter 8
Tactile sensor arrays & gloves
Humans perform dexterous tasks every day that are extremely challenging for robots
to replicate. Tactile feedback is a key enabler for the this, i.e. the primate grasp.
In contrast, modern day robots lack the dense network of tactile information we
take for granted; in that sense robots are tactile blind. The human hand consists
of primarily 4 types of mechanoreceptors 7 that enable us to grasp objects with the
right amount of force: Slow adapting (SA-I), SA-II that sense static signals and fast
adapting FA-I and FA-II receptors that respond to vibrations 133 . Using these inputs,
we learn a sensorimotor control policy to generate actions for a goal, like grasping a
specific object 134 . Given the importance of control policies in robotics, creating an
analogue of the natural tactile system has been of extreme interest for decades. The
inability to replicate the natural sensor network in the primate hand also restricts
our fundamental understanding of simple actions like the grasp.
The challenges in making a sensor laden artificial hand are large. The hand
consists of a multitude of sensors including temperature sensors and pain receptors
which are neatly integrated into the cutaneous and subcutaneous regions of the skin.
The skin itself is a complex mechanical matrix that regulates our interactions with
the outside world - it is stretchable, has a dynamic stiffness 135 , is self-healing and
extremely robust. Interest in the field of electronic skins has mainly been driven
by this broad goal. Most recent works demonstrate a rectangular grid of sensing
elements both active and passively addressed. Some of the most recent works are:
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a microstructured rubber based tactile sensory array 40 , a nanowire active-matrix
based macroscale skin 136 , interlocking nanofiber based sensor array 137 , electronic skin
with a focus on the user interface 138 . The focus shifted to making flexible active
circuits that can route signals from the sensor array 45,139 rather than focusing only
on the active pressure sensitive material. More recently, bending insensitive arrays 140 ,
and multimodal sensor arrays 141 (force and temperature) have been demonstrated.
Most of these works demonstrate sensor arrays with ∼100s of elements. A more
comprehensive review of this vast field is in a recent review article 133 . In spite of the
great progress made so far in making planar, stretchable tactile arrays, translating
this to an arbitrary curved surface (e.g. non flat-foldable) is still challenging. Works
demonstrating tactile gloves are even more limited, and most recent tactile gloves
only consist of 10s of elements. Two recent demonstrations that focus heavily on
translating these tactile sensors to a stretchable and robust glove, contain 54 and 10
elements respectively 142,143 . This limited density poses a couple challenges: (i) the
resolution of tactile signatures that can be recorded is poor, and (ii) recent machine
learning algorithms have mostly been tested on inputs that have a minimum of ∼1000
dimensions (or a 32 × 32 array).
The main objective here is to fabricate a sensor array (with 32 × 32 tactile elements), that can be attached to a glove. The components used in making the array
are chosen from readily available materials and the sensor array can be rapidly fabricated. A readout circuit is used to acquire the sensor readings. First prototypes of
the glove shell (that can be attached to a glove) are also demonstrated here. A short
summary of the next steps towards dataset acquisition and processing is included in
the end of this chapter.

8.1

Fabrication of a regular array

The tactile sensor system described here is made of piezoresistive elements in a single
force sensitive film. A planar sensor array with a regular grid is used to test the general
fabrication strategy, characterize the sensor and the accompanying electronics. The
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Figure 8-1: Schematic of the tactile sensor array. A. Sensor array with overlapping conductive thread electrodes on either side of a pressure sensitive film. The
regions of overlap are force sensitive points. The device is insulated on each side using
a polyimide film. B. Improved version of the device replaces the insulating polyimide
film with an acrylic adhesive film that holds the conductive threads in a more tightly
constrained window. Images show the individual components of the sensor array.

general architecture of the sensor array is shown in Fig. 8-1. The active pressure
sensitive material is a commercially made force sensitive film (FSF)(3MTM VelostatTM
electrically conductive EVA copolymer). It is conventionally used as a packaging
material that is made conductive by impregnation with carbon black. The application
of pressure on the film reduces the electrical resistance through its thickness. Figure
8-1A shows a planar sensor architecture with a grid of conductive thread electrodes
(3-ply conductive threads ∼ 0.34 mm diameter) on either side of the film. Regions of
overlap between the threads on each side are the sensitive regions of the device. The
electrodes are insulated with an adhesive-coated polyimide film on each side. Images
of the individual components are included below the schematic. Figure 8-1B shows
an improved design that restricts the movement on the electrodes. In this case, the
insulation film is replaced with a thin acrylic adhesive tape (3MTM 468MP 200MP
adhesive). The stretchable adhesive film holds the conductive threads in place even
when bent significantly. The exposed sides of the adhesive are covered with a thin
stretchable LDPE film.
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The sensor is constructed by first cutting squares (∼9 cm × 9 cm) from the
pressure sensitive film. The electrodes are placed on to the adhesive side of the
polyimide insulation. A piece of acrylic sheet is laser cut with groves to make a
“needle” with 32 uniformly spaced holes (2.5 mm apart). This ensures that the
conductive threads are uniformly spaced and completely aligned. The polyimide film
with the conductive thread electrodes are attached on either side of pressure sensitive
film. With these few steps the sensor with a uniformly spaced grid can be constructed
rapidly with just a pair of scissors. Most of the results described later were obtained
by constructing a 32 × 32 sensor array (with 1024 elements).

8.2

Sensor characterization

Several small sections (∼ 1” × 1”) were cut out from the pressure sensitive film and
one conductive thread was attached on either side using a polyimide tape. This allows
us to probe the properties of an individual element without any cross-talk with adjacent elements that is expected in the larger sensor array. Resistance as a function
of the load is the key characteristic for this sensor. So several mechanical loading
tests were performed on many identical devices using the mechanical testing system
(Instron 5944, Instron, Norwood, MA). Figure 8-2A shows the main sensor characteristic as the applied force is increased to 0.5 N and then cycled back to 0 N. The
resistance drops from 3.8 kΩ to 1.8 kΩ, and the device shows some hysteresis between
the forward and the reverse cycles (loading rate is 0.5 mm/min). The response is
almost linear in the log scale as shown in the inset. Further, the resistance appears
to reach a steady value beyond 0.5 N. Note that 0.5 N corresponds to 4.3 MPa (or
626.6 psi) when applied over the area defined by the diameters of the two conductive
threads (0.34 mm). To test the actual working range of the sensor, a large load was
applied (5 N) and the resistance change was measured (Fig. 8-2B). It can be seen
that below 0.03 N, the sensor does not show any drop in resistance, and the sensor
response is linear in the log scale until 0.5 N. The sensor does not fail (or punch
through) at loads up to 5 N (43.2 MPa), and the resistance reaches a minimum of
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Figure 8-2: Strain sensor characteristics and long term cycling. A. Force
response curve for a single element of the sensor array. The measurements were
performed at a strain rate of 0.05 mm/min B. Resistance measurement up to a higher
load (5 N) shows that the forces below 0.05 N are not picked up by the sensor, and
the resistance saturates beyond 1 N. The device does not fail until 5 N of force. C.
Long term cycling measurement shows the resistance as a function of time for 1000
cycles up to 0.5 N using a controlled strain rate (2.5 mm/min).
∼1.4 kΩ. The sensor elements were also cycled up to 1000 cycles and the performance
is seen to reach a steady range after the initial 100 cycles. The measured resistance
is shown as a function of time in Fig. 8-2C. These measurements so far represent the
characteristics of a typical device, and are repeatable across a few devices. The sensor
characteristics and long term measurements are shown in Fig. 8-3. It is to be noted
that for the long term tests, the test were performed at a constant strain rate across
all devices up to a force of 0.5 N - so the actual number of cycles vary across devices
shown in Fig. 8-3B. Between 800 and 1000 cycles fit into the 2500 s measurement
shown in Fig. 8-3B. Overall, the sensors show low variability. It is to be noted that
some of the variation see here might be a function of the contact made by the 3-ply
conductive thread bundle. Nonetheless, it might be useful to characterize this factor
more precisely if the device level variation needs to be further reduced.
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Figure 8-3: Sensor characteristics of 3 devices. A. Force response curve of 3
identical devices. B. Long term cycling measurement on 3 identical devices. The
cycling tests were performed using a controlled strain rate up to a maximum load of
0.5 N for 1000 cycles. The exact number of cycles varies a little in these measurements
shown up to 2500 s.

8.3

Sensor array and readout circuit

The passive matrix design makes the sensor design and fabrication simple, however,
there is a possibility for extensive crosstalk between sensors in close proximity. This
problem has been studied quite extensively 145 , and it is possible to eliminate a majority of these effects using well designed readout schemes 144,146 . Briefly, in the idealized
representation of the sensor array in Fig. 8-4, when a single sensor is to be read, the
corresponding row is set to 0 V. Every other row is connected to a reference voltage
Vref . The analog switch at the end of the columns connects one of the amplifier outputs to the measurement device - an analog-to-digital converter (ADC, not shown).
Due to the fact that the input pins of the amplifiers are maintained at identical reference voltages, All current paths from rows connected to Vref appear to be non-existent
since there is no potential difference. This circuit therefore allows virtual grounding
of all elements that are currently not probed and avoids electrical cross talk. The
circuit in Fig. 8-4 is based on the grounding-based topology used previously 144 . The
charging resistors (Rc = 900 Ω) are added here to reduce the input noise at the inverting terminal of the amplifiers. The low resistance enables the input node to charge
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Figure 8-4: Readout scheme for the tactile sensor array. The readout circuit is
based on a virtual grounding topology 144 that effectively removes electrical cross-talk
from adjacent sensors. Here Rc = 900 Ω and Rg = 1 kΩ. The 32 SPDT switching
array is constructed from 8 quad SPDT switches (ADG333A). The amplifiers are
made using LMV324 and connected to a 32:1 analog switch ADG732. The output of
the switch is connected to an analog-to-digital converter (ADC, not shown). The row
and column switches are controlled by a microcontroller. At a given time, the row
currently being read is grounded (indicated by an arrow).

rapidly in the presence of a large parasitic capacitance at the input. The circuit can be
improved by adding buffers both to the outputs of the readout matrix amplifiers and
the active switching matrix connected to the rows with the single-pole double-throw
(SPDT) switches. Here, 8 quad SPDT switches (ADG333A) are used for actively
switching the row voltages, along with 8 quad operational amplifiers (LMV324) and
a 32:1 analog switch (ADG732). The output of the analog switch is connected to an
ADC while a microcontroller is used to actively switch the rows and columns being
read out. The data from the microcontroller is transmitted serially and the full array
frame rate achieved with an ATmega328 is ∼10 Hz. The current limitation on the
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Figure 8-5: Fabricated 32 × 32 sensor arrays. A and B show fabricated sensor
arrays with 1024 elements each (see Fig. 8-1A & B for designs). C. Printed circuit
board with the readout circuit described in Fig. 8-4. The two insulation-displacement
connectors (IDCs) on the right and the bottom show the connections to the sensor
array.

frame rate comes from the time for serial transmission of data. This frame rate is
sufficient for our task and can be improved further if needed.
The fabricated sensor arrays for the two designs in Fig. 8-1A & B are shown in
Fig. 8-5A & B respectively. The spacing between the electrodes in both devices is
2.5 mm and the active sensing area is 8 cm × 8 cm. One of the key challenges in
making the devices is making the connectors and insulating the conductive threads
outside the sensing area. Coating the conductive thread electrodes with a layer of
polydimethylsiloxane (PDMS) and then curing it was found to be an effective way to
perform this. The wires were then individually attached to an insulation-displacement
connector (IDC) to form robust contacts that can be connected with the readout
circuit (Fig. 8-5C) easily.
The readout circuit transmits data to the computer serially using a USB connector.
We wrote a program to capture synchronized frames of video (Point Grey GS2-GE132

20S4C camera) and tactile data. This allows us to obtain visual and tactile data that
are synchronized that can be used to learn relationships between objects and pressure
maps. To test this scheme, we recorded video and pressure maps as 10 common daily
objects were placed and moved around on the tactile array placed on the top of a flat
desk. Frames from these videos are shown in Fig. 8-6. Interesting patterns appear
- for e.g., the kiwano (horned melon) rests on only 3 sharp points while the visually
similar orange has a ring-shaped contact. Another example is the milk carton which appears to rest on a flat contact - actually experiences sufficiently larger loads at the
seams of the carton. It can also be seen that single pixel resolution is available when
objects like the tip of a pen are pushed against the sensor array. This preliminary
dataset shows that structural features of the contact can be extracted from the sensor
array quite reliably. The frame rate of the combined visual and tactile recording
system is ∼6.5 Hz.

8.4

Extensions to the sensor array

The pressure sensitive film used here is thin and flexible but is not stretchable. Therefore, the sensor array does not conform to surfaces with high curvatures nor does it
stretch locally. To overcome some of these limitations, it is possible to laser-cut auxetic patterns 147 in the pressure sensitive film to improve its in-plane stretchability.
A simple pattern in shown in Fig. 8-7A. In this case, the slender elements can be
straightened and the patch effectively behaves like a negative Poisson’s ratio structure
that allows local areal expansion. This concept was improved to the design shown
in Fig. 8-7B. Here the squares (sensing elements) rotate with respect to each other
and have an effective negative Poisson’s ratio. The slots allow the square to rotate
while the small holes are guides for routing the conductive threads. The laser-cut
pattern supports a 10 × 10 array of electrodes that overlap on either side of each
square (Fig. 8-7C). The close up of the squares showing the conductive threads on
one side is shown in Fig. 8-7D. One of the main concerns of this approach is that
the heat generated during the laser cutting process would adversely affect the sensor.
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Figure 8-6: Captured 10 object dataset of visual and tactile images. The
tactile sensor array was used along with a Point Grey GS2-GE-20S4C camera to
capture videos of synchronized tactile and visual images. Photos and corresponding
tactile images are shown for 10 common objects moved on the sensor array: apple,
milk carton, orange, pear, tape, pen, kiwano, mug, gel and lotion.
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Figure 8-7: Auxetic patterns for sensor arrays. A. Example auxetic pattern
laser cut onto the pressure sensitive film. B. Final design of the auxetic pattern
contains rotating squares which are the sensor elements. Small holes cut into the
pattern allow routing wires on both sides of the pattern so that they overlap with
each other at the center of the square. C. Fabricated 10 × 10 sensor array that can
be stretched. D. Close-up of the array showing individual square sensor elements and
the conductive thread electrodes.
However, it was seen that the base resistance did not change, and that 5 mm squares
could be cut without degrading the film. This approach enables building a stretchable
array but note that cutting slots into the film comes with the compromise of reduced
spatial resolution. Auxetic patterning has been used to enhance the sensitivity of the
sensors themselves 148 but this is not explored here.
It is possible to computationally design auxetic materials to cover arbitrary surfaces 149 , however folding the planar sensor film to the final shape is a challenge. It
would be more convenient if the film can be directly thermoformed into a desired 3D
surface (Velostat is sold as a film that can be thermoformed). To study the viability
for this more closely, samples of the pressure sensitive film were analyzed using the
differential scanning calorimeter (DSC) to understand the melting profile (Fig. 8-8).
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Figure 8-8: Thermal characteristics of the pressure sensitive film. A. Differential scanning calorimetry (DSC) measurements performed with a sample of the
pressure sensitive film (7.9 mg). It can be seen that the film is made with a polymer
blend. B. Measurement of resistance through the film after 10 min at a controlled
temperature in a convection oven. The resistance through the film changes marginally
above 60 °C, and significantly beyond 80 °C.
It can be seen that the pressure sensitive film consists of a two polymer blend (at
least) with two distinct melting peaks. However, when small samples are cut and
kept in a convection oven for 10 mins, the resistance through the film is affected for
temperatures above 60 °C. However, the resistance increase is marginal until 80 °C.
Therefore thermoforming may be possible within a small temperature range (60 °C 80 °C). Our thermoforming attempts were not successful (resulted in films with very
high resistance) since general purpose thermoforming machines, including the one we
used, do not provide fine control of the thermoforming temperature.

8.5

Towards tactile gloves

The choice of materials and the fabrication methods described so far were motivated
by a possible extension to a skin that can be attached to gloves. Figure 8-9A shows
the receptor field on the pattern of a hand constructed from a 32 × 32 array of
electrodes. The corresponding map on the sensor is shown on the right. To make this
sensor array, the electrodes are woven into a mesh with the pressure sensitive film
in between each crossing, that acts as a sensor node. Therefore, unlike the regular
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Figure 8-9: Tactile glove. A. Schematic shows the positions of the 555 sensors on
the hand (receptive field). The image on the right shows the mapping of these 555
points on to the 32 × 32 element read out array. B. Fabricated sensor array with one
set of electrodes (left). The image on the right shows the finished glove that can be
stuck on to a standard nitrile glove. The interconnects running between the fingers
are partly visible.
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grid where each electrode remains on one side, here the electrodes cross over into
alternate sides at regular spatial intervals. The pattern in 8-9B is laser cut along
with holes that allow the conductive threads to crossover to the other side. The
image shows the pattern with one set of electrodes sewn on to the glove through the
laser cut pattern. The ends of the conductive threads here are insulated using PDMS
as outlined earlier. Finally, the other set of orthogonal electrodes are woven into the
glove and the finished device is shown in the right.
The fabrication of the glove takes more than a day currently since the threading
process is done manually. Further, the interconnects between the fingers have to
implemented such that there are no short circuits and that they do not restrict the
movement of the fingers themselves. One other important factor is that the glove
cannot form sharp bends seen in the human skin near all the joints in the hand.
Despite these current limitations, the glove enables acquiring tactile images while
grasping objects. Next steps here are to evaluate the glove and capture datasets
similar to those in Fig. 8-6.

8.6

Future work

The number of sensors in the tactile glove here approaches the minimum number of
pixel required to understand images, identity and scenes 150,151 . We therefore think
this is a good starting point to acquire larger datasets of visual images and corresponding tactile images as objects are grasped. Figure 8-10A shows a scheme where
tactile images and optical images can be coupled along with geometry information or
hand pose to learn a common multimodal representation 152–155 . This will allow one
to relate information from the appearance of an object to the corresponding grasp.
Sensorimotor control policies related to such tasks are currently hard for a robot to
learn today. At a more basic level, tactile images allow one to infer additional information in the presence of occlusions in a visual image, or detect and localize physical
contacts. A broader objective is to learn the grasp signature of a set of objects using
unsupervised learning based approaches and clustering techniques - to group objects
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Figure 8-10: Future work. A. A general strategy to learn multimodal representation
of visual images, tactile images and geometry information. B. Samples from our 100
object dataset that will be used for acquiring tactile images from the glove.
based on the typical tactile signatures associated with objects. We are currently
working on collecting 100 common objects that humans can hold and interact with
using a diverse set of grasps (some objects are shown in Fig. 8-10B) for our dataset.

139

140

Chapter 9
Conclusions

Overall, this thesis presents a full toolkit consisting of new materials, design & fabrication strategies, and device architectures to unify form and function together. The
assembly of mass manufactured parts used in conventional fabrication is a limiting
strategy - for instance, at the mesoscale scale. The drawbacks of mass manufacturing
and assembly are further accentuated when customization of each part is required.
3D-printing strategies and associated methods we described here allow us overcome
some of the challenges of an assembly-centric approach, and enable the integration of
several functions (sensors, processors and actuators) inside a printed object without
the need for external assembly. This is possible both due to the freedom in material
choices (solids, liquids and thin-films) but also in the complexity of designs that can
be fabricated. The ability to encapsulate liquids inside our printed parts over long
periods of time along with the freedom in controlling material interfaces (geometry,
texture, surface energies etc.) are key enabling factors. Our additive manufacturing approach also opens up the possibility for achieving complex, evolving form by
using self-folding strategies using the residual stress within a printed part. The highdimensional design space available in a 3D-printing process offers new possibilities
in fabrication - our work on printed “appearance-changing” actuators highlights the
role of automated design in this complex design space.
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9.1

Future work

The material assembly strategies outlined in the thesis enable a host a new devices
that are yet to be explored. It is when these new devices are integrated together
to form fully autonomous and self-sufficient systems that the true potential of our
techniques emerge. As we achieve the ability to tailor material interfaces and functions
inside a complex, freeform structure, we start blurring the lines between materials and
machines - the idea of autonomous composites is built on this foundation. Printed
actuators with very high power density, and long-term batteries are key fundamental
blocks that are required to enable the level of self-sufficiency we see in any natural
organism 9 .
 In the first part of the thesis, we demonstrated electrical elements printed on

top of enclosed microchannels containing a fluid. The channel profile can be
varied easily and so can the materials exposed in the channel. Many layers of
electronics and microchannels can be stacked on top of each other, or be fully
interconnected. These architectures have been traditionally hard to fabricate.
One can now envision the use of a similar system with microchannels and embedded electrodes for bio-sensing or for monitoring cellular (epithelial/endothelial)
barriers 156 .
 The residual stress-based folding system we described in part II provides a new

approach to spontaneous folding. However, the process of polymer swelling it is
based on has a wider applicability, especially in reducing the typical warping of
UV-cured 3D-printed parts. This shifts the focus onto the material formulation
and the general design of the curing process parameters. Actively controlling
polymer swelling during the printing process provides a new mode of control
that was previously not used.
 The automated design and fabrication system which was covered in part III

of the thesis is still nascent. It has wide applicability in areas ranging from
structural design 124 to tissue engineering 126 . While optimization algorithms
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have existed for a while, merging them with fabrication techniques uniquely
enables the actual realization of these parts. The automated design and fabrication strategy is an essential component for a “closed-loop fabrication and
evaluation plan” where large number of parts with different designs can be sampled, fabricated and tested. This opens up a new avenue for fabrication-aware
optimization.
 Part IV of the thesis provides a rapidly scalable tactile strategy towards learn-

ing grasp. The approach can also be used for robot surfaces. The sensor is
constructed using inexpensive materials but this does not compromise its repeatability since the raw materials are made in a large commercial process with
tight tolerances. We expect this approach to democratize or provide easy access
to tactile skins at multiple length scales. Further, the easy availability of these
materials will hopefully make the acquired datasets easy to replicate and use.
In summary, the ideas presented in this thesis allow us to design new functional
elements and envision their subsequent integration inside a shape. This enables an
exploration of both low-level details (material and device engineering) and elements
at higher levels of abstraction (integration and network topology).
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Appendix A
Ink formulations
The complete ink formulations are listed below in this appendix. Broadly, there are
two families of inks that were used throughout this thesis - rigid material (RIG)
and elastic matrix material (ELA) - but the specific formulations were tuned for each
project to improve properties. Here the full formulations are listed for each part of the
thesis. Briefly, the different components are homogenized and left to mix overnight
using a magnetic stirrer. Finally, the ink is filtered using a 1 µm filter and degassed
using a vacuum pump to remove small bubbles. The complete list of inks used in Part
I is described in Table A.1. The formulations for two main inks used in Part II are
listed in Table A.2. The inks used in making the magnetic actuators (Part III) are
listed in Table A.3. Here, RIG and ELA are processed as described earlier simply by
mixing with a magnetic stirrer overnight. The magnetic nanoparticle-based MPC ink
was formulated as follows: 12 wt% of Iron(III)-Oxide nano-particles(Fe3 O4 ), 80 wt%
of the rigid ink formulation (without photoinitiators and photoinhibitors), and 8 wt%
of Genomer 1116 were mixed together. 5 wt% of nonionic dispersant DISPERBYK110
was added on top of the total weight of the iron(III)oxide mixture (5 g of dispersant
added for every 100 g of magnetic ink). The magnetic ink was then run on a beadmill (M100 VSE TEFC, Engineered Mills, Inc., USA) with 300 µm yttria-stabilized
zirconia beads for 7 h at 4000 rpm to break down agglomeration and stabilize the
nano-particles within the suspension. After milling was completed, the ink was then
transferred to a clean 250 mL container. 2 wt% of Irgacure819 and ITX were added
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to the suspension and mixed vigorously with a spatula for several minutes. 0.1 wt%
of 4-methoxyphenol was added finally as a photo-polymerization inhibitor. The ink
was allowed to sit for 6 h to completely dissolve the photoinitiators in the ink. The
ink was then filtered with a 1 µm filter before use.
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Table A.1: Ink formulations for devices in Part I
Ink

Rigid polymer
(RIG) (204.2 g)
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Elastic polymer
(ELA) (201.25 g)

Silver ink (26.94 g)

PEDOT:PSS ink
(21 g)
Electrolyte (25.15 g)
Hydraulic fluid (25 g)

Name/type (trade name)
cyclic trimethylolpropane acrylate (Genomer 1117)
bisphenol A epoxy diacrylate in 25% GPTA
(Genomer 2252/GP25)
acrylic acid ester (Miramer 300)
bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide
(Irgacure 819)
2-isopropylthioxanthone(ITX)
4-methoxyphenol (MEHQ)
Low viscosity acrylic oligomer (CN3105)
isooctyl acrylate (SR440)
ethoxylated nonyl-phenol acrylate (SR504)
alkyl methacrylate (SR313B)
aliphatic urethane acrylate (Genomer 4215)
bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide
2-isopropylthioxanthone (ITX)
4-methoxyphenol (MEHQ)
ethanol, 200 proof
butylamine, 99.5%
silver acetate, anhydrous, 99%
formic acid, ACS reagent >88%
hydroxyethyl-cellulose
poly(3,4-ethylenedioxythiophene) doped with
polystyrene sulphonate (CleviosTM P Jet 700N)
dimethyl sulfoxide, 99+% (DMSO)
Water, ACS reagent grade
glycerol, >99.5%
potassium chloride
Viscosity standard mineral oil (S20)

Supplier
Rahn USA Corp.

Content
118 g

Rahn USA Corp.

64 g

Rahn USA Corp.

18 g

BASF, Germany

2g

Rahn USA Corp.
Sigma-Aldrich, USA
Sartomer, USA
Sartomer, USA
Sartomer, USA
Sartomer, USA
Rahn USA Corp.
BASF, Germany
Rahn USA Corp.
Sigma-Aldrich, USA
Koptec/VWR, USA
Sigma-Aldrich, USA
Alfa Aesar, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA

2g
0.2 g
96 g
34 g
32 g
20 g
16 g
2g
1g
0.25 g
15.78 g
5.92 g
4g
0.976 g
0.267 g

Heraeus, Germany

20 g

Alfa Aesar, USA
RICCA Chem., USA
Sigma-Aldrich, USA
Macron Fine Chem.
Cannon Inst. Co.

1g
20 g
5g
0.15 g
25 g

Table A.2: Ink formulations for devices in Part II
Ink

Residual stress
polymer (STR)
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Rigid polymer
(RIG)

Other inks

Name/type (trade name)
Low viscosity acrylic oligomer (CN3105)
isooctyl acrylate (SR440)
ethoxylated nonyl-phenol acrylate (SR504)
aliphatic urethane acrylate (Genomer 4215)
bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide
(Irgacure 819)
2-isopropylthioxanthone (ITX)
4-methoxyphenol (MEHQ)
cyclic trimethylolpropane acrylate (Genomer 1117)
bisphenol A epoxy diacrylate in 25% GPTA
(Genomer 2252/GP25)
acrylic acid ester (Miramer 300)
bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide
(Irgacure 819)
2-isopropylthioxanthone(ITX)
4-methoxyphenol (MEHQ)
Same as in Table A.1

Supplier
Sartomer, USA
Sartomer, USA
Sartomer, USA
Rahn USA Corp.

Content
53.1 wt%
18.8 wt%
17.7 wt%
8.85 wt%

BASF, Germany

1 wt%

Rahn USA Corp.
Sigma-Aldrich, USA
Rahn USA Corp.

0.5 wt%
0.05 wt%
57.8 wt%

Rahn USA Corp.

31.3 wt%

Rahn USA Corp.

8.8 wt%

BASF, Germany

1 wt%

Rahn USA Corp.
Sigma-Aldrich, USA

1 wt%
0.1 wt%

Table A.3: Ink formulations for devices in Part III
Ink
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Name/type (trade name)
cyclic trimethylolpropane acrylate (Genomer 1117)
bisphenol A epoxy diacrylate in 25% GPTA
(Genomer 2252/GP25)
Rigid polymer
acrylic acid ester (Miramer 300)
(RIG)
bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide
(Irgacure 819)
4-methoxyphenol (MEHQ)
Low viscosity acrylic oligomer (CN3105)
ethoxylated nonyl-phenol acrylate (SR504)
alkyl methacrylate (SR313B)
Elastic polymer aliphatic urethane acrylate (Genomer 4215)
(ELA)
bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide
(Irgacure 819)
2-isopropylthioxanthone (ITX)
4-methoxyphenol (MEHQ)
Iron(III)-Oxide nano-particles - Fe3 O4

Magnetic
nanoparticlepolymer
composite
ink (MPC)

Rigid ink fomulation (RIG)
- without photoinitiators & photoinhibitors
(Genomer 1116)
Nonionic dispersant (DISPERBYK110)
5g added to every 100g of above mixture,
then bead-milled

Supplier
Rahn USA Corp.

Content
57.8 wt%

Rahn USA Corp.

31.3 wt%

Rahn USA Corp.

8.8 wt%

BASF, Germany

2 wt%

Sigma-Aldrich, USA
Sartomer, USA
Sartomer, USA
Sartomer, USA
Rahn USA Corp.

0.1 wt%
49.2 wt%
33.85 wt%
10.3 wt%
5.1 wt%

BASF, Germany

1 wt%

Rahn USA Corp.
Sigma-Aldrich, USA
US Research
Nanomaterials

0.5 wt%
0.05 wt%
12 wt%
80 wt%

Rahn USA Corp.

8 wt%

BYK Additives
& Instruments
(to mixture)

bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide
(Irgacure 819)
2-isopropylthioxanthone (ITX)
4-methoxyphenol (MEHQ)

BASF, Germany

+2 wt%

Rahn USA Corp.
Sigma-Aldrich, USA

+2 wt%
+0.1 wt%
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